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ABSTRACT

The geology and hydrogeology of the island of Pohnpei

is described in detail for the first time. Volcanic

activity on Pohnpei can be sub-divided into three stages of

activity; a shield-building phase, dominated by the

frequent eruption of lavas of alkali olivine basalt, which

was followed after an eruptive hiatus of roughly 1.5 Ma by

sporadic volcanic activity dominated by hawaiitic

composition lavas. The final stage of activity produced

voluminous flows of under-saturated lavas which blanketed

much of the southern half of the island. A large-scale

landslide event is postulated to have removed much of the

northwestern portion of the original shield volcano shortly

after the end of the shield-building stage.

Rainfall on the island is abundant year-round and

varies from 400 em/year along the coastline to an estimated

high of 900 em/year in the island's interior. A high

runoff/rainfall ratio (0.67) is estimat~d for the island's

river basins. An evapotranspiration rate of 140 em/year is

estimated for the island. These values lead to an

estimated island-wide groundwater recharge of 150-200 MGD.

Groundwater development in the northern half of the island

is hindered by the low permeability of the basement rock

and by the lack of an extensive capping layer to impede the

horizontal movement of basal groundwater out into the

lagoon. More favorable conditions for the development of

basal groundwater exist in the southern end of the island.

The gravity field on Pohnpei is circular, which is

consistent with the radial strike of dikes measured in
outcrops from around the island. Two-dimensional gravity

modeling suggests that the crustal thickness under Pohnpei

is typical for Mid-Jurassic age oceanic lithosphere and has

not been appreciably thickened by the extensive volcanism

which produced the ontong Java Plateau during the Lower

Cretaceous.
iv



Lavas erupted during the three volcanic phases on

Pohnpei are chemically distinct and can not be derived from

a single homogeneous source. The overall degree of partial

mel'cing decreases from the shield-building stage to the

late-stage volcanics. Isotopic compositions of the lavas

lie near the MORB end of the oceanic island field and show

no evidence for involvement of an enriched mantle source as

is observed in the Ontong Java data.

The average width of dikes on Pohnpei and on other

intra-plate volcanoes is found to increase linearly as a

function of distance from the volcanic center. This

increase in dike width could be an important factor in

controlling the variation in eruptive vol~me and duration

observed within volcanic rift systems of active volcanoes

such as Kilauea.
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INTRODUCTION

Over the past half century, extensive reconnaissance

field mapping projects in the Pacific, carried out under

the auspices of the United states Geological Survey, have

yielded fundamental information regarding the geology and

hydrogeology of the interoceanic islands found in the

region. The classic studies of stearns and Macdonald

(1942) and Macdonald et ale (1960) on Hawaiian volcanoes

best exemplify this body of work. During this period,

however, little geologic or hydrologic work was done on the

islands of the Eastern Caroline Island group.

The island of Pohnpei is situated roughly SOO

kilometers north of the equator at latitude 6oS4'N and

longitude lSSo14 ' E. It is the largest island in the

Caroline Islands group, with an aggregate land area of 338

km2 • The establishment of the capitol site for the newly

founded Federated states of Micronesia on Pohnpei has led

to rapid growth in the island's economy and population.

Increased water demand and a prolonged drought during the

winter of 1983 prompted attempts to develop the groundwater

resources on the island. However, a more complete

understanding of the basic geologic and hydrologic

framework of the island was required before additional

groundwater development could be successfully undertaken.

This project was initiated in August 1987 with funding

from the Water Research Center at the university of

Hawaii. The following dissertation integrates geologic

(Chapter 1), geophysical (Chapter 3), and geochemical

(Chapter 4) data to answer some fundamental questions

regarding the temporal volcanic evolution of Pohnpei. A

general description of the island's hydrology (Chapter 2)

is given based on the mapped geology and compiled

historical hydrologic measurements (streaflow and rainfall)

made on Pohnpei. These chapters are the end

1
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product of six months of field work on

as two years of geochemical, geophysical

analysis of field and lab data.
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CHAPTER 1

GEOLOGY OF THE ISLAND OF POHNPEI,

FEDERATED STATES OF MICRONESIA

ABSTRACT

The island of Pohnpei is the eroded remnant of a large

shield volcano (-10000 Km3 ) which was built up from the

surrounding sea floor by numerous eruptions of mildly

alkalic lava. Volcanic activity began roughly 9 million

years ago and was centered near the northern end of Nett

valley. The lavas erupted during' this shield-building

phase ranged in composition from basanite to alkali olivine

basalt. The volcanic center is located considerably north

of the current geographic center of the island, indicating

that a portion of the northern side of the original shield

volcano is gone. It is hypothesized that this part of the

island was removed by catastrophic landsliding into the

ocean deep north of the island.

Volcanism became more explosive toward the end of the

shield building stage. Explosive eruptions blanketed the

southern half of the island with volcanic ash as a result

of strong northeasterly tradewinds. Volcanic breccias,

which are today best exposed on the islands of Parem and

Mwhand Peidi, were produced by directional blasts of

pyroclastic material from nearby vents.

After an eruptional hiatus of roughly 1 million years,

volcanic activity resumed and has p~rsisted to within the

last million years. Lavas erupted during this period are

subdivided into two stages based on composition and the

volume of individual eruptive events. Flows capping the

erosional unconformity above the shield-building lavas are

relatively thick (average 15 meters) and range in

composition from basanite to trachyte. Eruptive activity

was episodic as evidenced by the common occurrence of thick

sedimentary deposits between individual flow units. Lava
J



flows of this stage often ponded within the deeply

dissected valleys of the original shield volcano, producing

thick, impermeable columnar jointed flows which were quite

resistant to erosion. As erosion of the island continued,

the surrounding valley walls composed of less resistant

shield-building lavas eroded away leaving elongate,

near-vertical ridges composed of these valley-filling

lavas. Dolen Net and Piapalep are good examples of this

type of structure. The best exposed section of this

volcanic stage is located in the back of Awak valley in Uh

Municipality from which the stage name is derived (Awak

Volcanics) .

The latest phase of volcanic activity on the island

produced large-volume flows of primitive composition which

commonly bear ultramafic xenoliths ranging in composition

from dunite to lherzolite. Lavas erupted during this stage
cover a large portion of the southern half of the island.

An example is the large plateau near Salapwuk which is

composed of a single flow unit 70 meters thick.

The youngest volcanic eruption on Pohnpei produced the

tuff ring that forms the western half of Temwen Island.

This feature was formed by phreatomagmatic explosions

produced as the rising magma came i.nto contact with either

shallow groundwater or surface water. This eruption

probably occurred within the last 0.5 Ma.

BACKGROUND

The island of Pohnpei lies about 800 kilometers north

of the equator at latitude 6°54' N and longitude

158014' E (Figure 1). It is the largest island in the

Caroline Island group, with a land area of 338 km2 , and

is almost completely surrounded by a barrier reef averaging

3.2 kID in width and a lagoon which varies in depth from a
to 100 meters. The island is roughly circular in shape and

4

. - . ----_. ---



10" ,-----....-----.-----...,...-----.----'7""--'"'I1?'1:"~-"'""_.:::_......;_rr__:::I

163'

KOSRAE

~
4JXXJ

\
'~,

161'

Mold

~~1Il1l

Pingela~4000AtOIlIP""'~

<)

.~

I;, 0
~.9f:·~

W'r

Ujelarg ..:::...".....lc~oS;;l"~~
Atoll

159'

4'

I
/ ONTONG JAVA

2"
0 SO 100 Mies PLATEAU
I I

I i
I

0 SO 100 lSO Kilome1ClS

1510 153' 155' 157"

Figure 1. Geographic location of the Eastern Caroline

Islands. The islands of Truk, Pohnpei and Kosrae are high

volcanic islands whereas the rest of the islands in this

region are coralline atolls. Bathymetry is in meters.
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is characterized by steep mountains in the deeply dissected

interior. There are 11 peaks higher than 600 meters above

sea level, the highest being Nanalaud (760 meters). The

general steepness of the island is demonstrated by the fact

that about half of the acreage on Pohnpei is situated on

slopes of greater than 30 percent (Laird, 1982). Large

coastal plains of alluvium are not present on Pohnpei.

Coastal alluvial sediments have apparently been drowned by

inter-glacial rises in sea level and by island subsidence

(Bloom 1970). The perimeter of the island is instead

fringed with mangrove forests growing on the seaward part

of the coastline, and Nipa palm, Phragmites reed or

domestic swamp taro growing in the lower salinity

inner-margin. Raised reefs are not found on Pohnpei,

although modern reef growth in the shallow fringing coral

reef offshore is vigorous. Figure 2 is a map which

includes specific site names discussed in the body of the

text.

PREVIOUS GEOLOGIC INVESTIGATIONS

The earliest geologic studies of pohnpei were parts of

regional surveys of the South Sea islands during the

periods of German and Japanese administration (Kaiser,

1903; Yosii, 1936; Iwao, 1941). These studies provided

brief petrographic descriptions of collected samples and

noted that the rocks on Pohnpei are alkalic in

composition. Tayama (1936) collected a suite of rocks from

Pohnpei during a reconnaissance study and briefly described

the geomorphology, geology and coral reefs of Pohnpei. He

also produced a rough geologic map of the perimeter of the

island. Yagi (1960) provided petrographic and chemical

data on fourteen of the rocks collected by Tayama. The

rock types analyzed included olivine basalt, nepheline

basalt, trachyandesite and trachyte. Yagi (1960) noted the

6
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Figure 2. Site locality map for the island of Pohnpei.

sites mentioned by name in the dissertation are located on

the map. Many of the referenced sites can also be found by

referring to the two 1:25000 USGS map of Pohnpei Island.
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chemical similarity of rocks from Pohnpei, Truk and Kosrae

and suggested that the East Caroline Islands constitute an

alkalic province geochemically distinct from the

calc-alkalic islands of the Marianas and Palau to the west.

Bloom (1970) studied the stratigraphy and morphology

of the tidal swamps that fringe the Eastern Caroline

Islands and concluded that deposition was consistent with a

history of shoreline progradation associated with

decelerating submergence during the Holocene. Four

radiocarbon dates, measured from intertidal peat layers

overlying former hillslopes of weathered volcanic rocks on

Pohnpei, demonstrated a submergence of about 5 meters over

the last 5500-6000 years.

Mattey (1982) described the mineralogy and

geochemistry of the volcanic rocks from Truk, Pohnpei and

Kosrae. On Pohnpei, the analyzed rocks were collected

predominately from around the perimeter of the island,

where the most accessible outcrop exposures are found.

Three magma types were identified from the Pohnpei data set

(30 samples analyzed by X-ray Fluorescence Spectroscopy for

major and trace elements) based on geochemical and

petrographic characteristics. The majority of samples

analyzed were assigned to the Pohnpei Main Lava Series

(PMLS) and were thought to represent the main

shield-building stage of the volcano. The Pohnpei

Transitional Lava Series (PTLS) ,were interpreted to be

chemically related to the PMLS lavas by different degrees

of partial melting. The Pohnpei Basanite Series (PBS) was

composed of magnesian basanites and alkali basalts which

have near-primary compositions (high MgO and Ni contents).

Mattey (1982) suggested that these lavas are analogous to

the post-erosional volcanics found on some Hawaiian

volcanoes.

Keating et al. (1984) showed that there is a linear

decrease in the mean age of K-Ar dated lavas going from

9
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Figure 3. Plot of measured K-Ar ages for the islands of the

Caroline Island group as a function of distance from the

island of Kosrae. Both data from Keating et ale (1984) and

Dixon et ale (~984) are included in this figure. Upper

line is the regression fit to ages of the shield-building

stage on each volcano whereas the lower line is the

regression fit through the mean of all K-Ar ages for a

given island. The resulting propagation rates of volcanism
are 107 mm/yr and 83 mm/yr respectively.
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west to east along the Eastern Caroline Islands (Truk 9-14

Mai pohnpei 3.0-7.6 Ma; Kosrae 1.2-2.6 Ma) and postulated

that these islands are products of hot spot activity.

Paleomagnetic measurements further indicated that the

Caroline Island chain formed near the paleoequator and has

since undergone 2 to 4 degrees of northward motion. Six

K-Ar age dates of Pohnpei lavas and an age date for a

columnar basanite taken from the temple ruins at Nan Madol

were reported (Table 1) and range from 3.0-8.6 Ma. A plot

in their paper (Figure 3; Keating et al., 1984), shows an

additional age of less than 1 Ma for a sample collected

from an unidentified location on the island.

Dixon et ale (1984) analyzed eleven rocks and reported

five additional K-Ar age dates of Pohnpei lavas including

one taken from the ruins of Nan Madol. The K-Ar ages range

from 0.92-8.70 Ma. They concluded that the age data are

not compatible with a simple hot spot or~g~n, since the

apparent time span of volcanism cn Pohnpei (-8 Ma) is too

long to be consistent with a hot spot model. They proposed

that volcanism along the Caroline ridge is a result of

lithospheric fracturing during the formation of the

Caroline Plate to the southwest beginning in the Late

Miocene (19-12 Ma) (Weissel and Anderson, 1978). Figure 3

is a plot of the measured K-Ar age dates for the Caroline

Islands from both studies as a function of distance from

the island of Kosrae.

METHODS OF PRESENT STUDY

A total of five months of field work were completed on

Pohnpei during the period from January 1988 to August

1989. A geologic map was produced based on all available

roadcuts, drill logs and natural outcrops present on the

island (Figure 4). Because of the dense vegetation in the

interior, contacts were typically mapped in stream beds and

11
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rocks on the island are sub-divided into

on the geologi~ map (Figure 4); the

lavas and the overlying late-stage

Parem Breccia and the Rohi Ash were erupted

two major units

shield-building

volcanics. The

in the faces of waterfalls exposed along the steep-sided
hillslopes (dolens). In the course of this study, the

streambeds of most of the major rivers on the island were

followed as far as possible into the interior. Elevations

were estimated by reference to the USGS 1:25000 topographic

map. A pocket altimeter was used for determining

elevations in the type-section exposed in the back of Awak

Valley.

It is difficult to find a continuous stratigraphic

sequence of lava flows on Pohnpei because of the dense

vegetation, thick soil, and colluvial cover that commonly

separate isolated exposures of bare rock. Individual

outcrops can usually be traced for only short distances

horizontally along strike. In addition, a sequence of

flows found in one vertical section, can be quite different

from a sequence observed in a section only a hundred meters

away. This is a result of the tongue-like projections of

individual lava flows, as well as the dissection that

occurs in the individual flows between pulses of eruptive

activity. Adding to the difficulty of tracing individual

flow units from outcrop to outcrop is the relatively

aphyric character of many of the late-stage lava flows,

which thus appear lithologically idE:ntical in the field.

Measul:ements of dike orientation and width were made

over a 2 week period with Dr. G.P.L Walker. The intensity

of dikes was also calculated; this reflects the aggregate

width of dike material relative to the total width of a

given outcrop. The dikes are often deeply weathered but

can still be recognized in outcrop by their charactistic

shape and the presence of a differentially weathered

chilled margin.

The volcanic

13
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Figure 5. Detailed bathymetry of the region around the

island of Pohnpei. Note that Pohnpei is actually one of

three volcanoes which produced the large shallow structure

upon which all three islands sit.
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near or slightly after the end of the shield-building stage

and are thus associated with this stage of activity. The

late-stage volcanics are furthez sub-divided into two

groups, the Awak Volcanics and the Kupwuriso Volcanics,

based on differences in age, general flow morphology and

composition. These two units were not distinguished on the

geologic map, however, because the contact is seldom

mappable in the field.

GENERAL GEOLOGY

The island of Pohnpei is the sub-aerial portion of a

large volcanic edifice built up from the surrounding deep

oceanic floor by episodic volcanic activity over the last 9

Ma. Ant atoll lies roughly 11.5 Km southwest of Pohnpei,

with a maximum water depth of 750 meters separating it from

Pohnpei. Pakin atoll lies roughly 30 kilometers northwest

of pohnpei, with a maximum water depth of roughly 1000

meters separating it from Pohnpei. It is probable that the

volcanoes which produced Ant and Pakin were active at the

same time as the shield-building activity on Pohnpei,

roughly 8-9 Ma. Figure 5 illustrates the large shallow

structure produced by the volcanic activity from these
three centers.

The major constructional phase of activity on Pohnpei

was probably concentrated over a time span of roughly 1 Ma,

based on available K-Ar age data for the shield lavas on

Pohnpei and by analogy with eruptive durations dated on

other intra-oceanic islands in the Pacific. The island's

roughly circular outline and the gentle dip of the

shield-building lavas suggest that the original volcano

possessed a shield-like morphology. Volcanic activity

became more explosive toward the end of this constructional

stage, blanketing the southern half of the island with

extensive ash deposits and the northern half with

stratified deposits of volcanic breccia. A quiescence in
1.5
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volcanic activity of roughly 1 Ma duration followed, during

which time significant erosion of the island occurred.

sporadic eruptive activity resumed at roughly 7 Ma and has

persisted to the last 1 Ma. This activity generated thick

flows which repeatedly capped, and thus protected, the more

easily eroded shield-building lavas.

The volcanic center during the main constructional

stage of activity was located by a gravity survey, and from

the variation in intensity and strike of dikes observed in

outcrops of the early stage lavas. A free-air anomaly

contour map for Pohnpei was constructed based on a total of

189 gravity meaSUrements made on the island and the

surrounding reef using a portable Lacoste-Romberg

gravimeter (Figure 6). The free-air gravity high is

centered around the northern end of Nett Valley near the

Pohnpei state Hospital. The gravity contours are roughly

concentric about this high, in contrast to the typically

elongated gravity contours which often characterize well

developed rift systems (strange et al., 1968; Kinoshita,

1968). This is consistent with the variation in measured

dike orientations throughout the island illustrated in

Figure 7. The divergence in the strike of dikes around the

gravity high suggests that the shield lavas were erupted

from a radially distributed dike swarm centered near the

location of the gravity high. Exposures of the

shield-building lavas from around Nett basin are composed

of up to 95% dikes, further evidence that this area was in

close proximity to the original eruptive center (Figure

8). The 40% dike intensity boundary was chosen to

delineate the position of the original volcanic center on

the island. The degree of secondary alteration observed in

the shield lavas decreases away from this volcanic center.

outcrops of shield-building lavas located within the area

of greater than 40% dike intensity (Figure 8) are

pervasively hydrothermally altered with chlorite, epidote

17
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Figure 7. Rose diagram of dike orientations on the island

of Pohnpei. Note the convergence of the predominant strike

of the dikes at the various outcrop~ towards the location
of the island's gravity high.
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and pyrite being the dominant secondary minerals. At other

outcrops of shield lavas farther away from the volcanic

center, there is typically only minor secondary

hydrothermal alteration in the primary mineral assemblage.

The central part of the island located over the

gravity high has either subsided or been eroded to a

greater depth than elsewhere, as can be seen in an

east-west profile drawn across Nett valley (Figure 9).

This observation is made by noting the highest elevations

at various points along the profile where shield-building

lavas are observed to outcrop. Subsurface data from around

the town of Kolonia were obtained from drilling-logs from

groundwater wells. Walker (1986) postulated that the

central caldera region of a volcano typically subsides at a

more rapid rate than surrounding areas as a result of the

greater bulk density of the underlying intrusive complex

and due to the reduced strength of the lithosphere above a

hot spot. For instance, portions of the inner caldera of

Koolau Volcano are thought to have subsided to depths

exceeding 1 kilometer (Walker, 1986). The relative

contributions of erosion and subsidence to the profile

across pohnpei cannot be determined solely from field

relations. It does seem likely, however, that more rapid

differential subsidence of the central portion of the

volcano has played at least some role in prOducing the

general morphology observed today across the island.

The locus of volcanic activity during the

shield-building stage was considerably north of the current

geographic center of the island. From the current outline

of the barrier reef which surrounds the main island it

appears that much of the northern half of the island has

disappeared. The northeastern corner of the barrier reef

extends to a distance of 7 kilometers from the main island

while the northwestern portion of the reef forms a broad

embayment which brings the barrier reef much closer to the
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main island (Figure 2). It is proposed that this embayment

was created by either a single or a series of large

landslide events which occurred sometime early in the

volcano's history. Similar large landslides have occurred

on several islands in the Hawaiian chain which have

dramatically affected the present-day geomorphology of the

islands (Moore, 1964; Moore et al., 1989). On Pohnpei

there is only circumstantial evidence that such a landslide

occurred. The few ship tracks to the north of the island

are not of sufficient density to identify the localized

areas of irregular topography that such a landslide would

produce offshore. Two regional features, however, enhance

the possibility of a large landslide occurring on the

northern end of the island. Pohnpei is located on the

northern edge of the Ontong Java Plateau. The surrounding

sea floor around Pohnpei is roughly 3500 meters deep to the

south of the island and plunges to a depth of roughly 4600

meters to the north. Thus the base of the volcano is built

upon a regional slope which dips roughly half a degree to

the north. A recent DSDP drill hole, located roughly 180

miles south of Pohnpei, cored through 1300 meters of soft

foraminiferal ooze and cherty limestone before reaching

bedrock (Kroenke et al., 1990). This material has a very

low coefficient of friction and thus might be expected to

behave as a slippery surface over which portions of the

overlying volcanic edifice could move. Slippage might have

been further enhanced by the development of fluid pressures

in excess of normal hydrostatic pressures within these

relatively impermeable chalk deposits as the sediment

became compacted by the growing weight of the overlying

volcano. Repeated dike injection and fissuring during the

shield-building stage, which bodily shoulder aside the

rifted edifice, would also have led to instability within

the volcano (Walker, 1990). All the factors listed above

would have facilitated the catastrophic displacement of the

21
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to the location of the gravity high suggesting that greater
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the volcano.

22



~ELD-BUILDING LAVAS

The shield-building lavas on Pohnpei are buried by

later stage volcanics around much of the island. As can be

seen from the geologic map (Figure 4), exposures are

concentrated around the fringe of the island and in valleys

where erosion has cut through the capping volcanics.

Olivine-phyric basalt is the predominant rock type with

lesser amounts of clinopyroxene and olivine-bearing

basalts. Individual flow units range in thickness from 0.6

to 9 meters (average of 3 meters) and are predominately aa

flows containing clinker zones above and below a dense

interior. Pahoehoe flows are also observed, but much less

frequently. The flows have relatively shallow dips,

ranging from 6 to 13 degrees at the few localities where

individual flows can be followed for appreciable

distances. The lavas are almost always extremely

weathered. At most outcrops the original rock has been

completely altered to clay but the original flow morphology

can usually still be discerned.

Throughout the northern half of Pohnpei, these

shield-b~ilding lavas are intruded by numerous dikes. In

exposures near the village Hotel and at the northern end of

Dolen Nett, the original country rock has been almost

completely displaced by dikes with only small screens of

the original lava flows exposed in the interstices between

individual dikes. In zones where the dike swarm is of high

intensity, pervasive greenschist-facies alteration of the

dikes and country rock is evident. Chlorite, epidote and

veins of pyrite are often apparent in hand sample. In

areas where the dike intensity is less than roughly 40%,

the degree of alteration drops off rapidly with chlorite

replacement being the predominant form of secondary
mineralization.

2J
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At two localities, blocks of gabbro are found in

association with the shield-building lavas. Roughly 60

meters downhill from the falls at Pahn Apara, small 5-8 em

clasts of gabbro are found between dikes cutting the

shield-building lavas in a stream exposure. Downstream,

large blocks of the same gabbro are found within the

streambed but are not in place. Three meter blocks of

gabbro are also found on the slopes above Tamwarohi in

Palikir. Although the gabbro is not found in place, the

slope above this locality is composed of shield-building aa

flows. The gabbro was probably formed in a shallow

intrusive body such as a sill within the shield lavas which

has been sUbsequently exposed by erosion.

The upper contact of these shield lavas is only

exposed at a couple of localities around the island. The

best exposure is seen in the face of the waterfall at Kepin

Mahu in Uh Municipality where the unconformity between the

dike-cut shield lavas and an overlying basanite flow is

clearly exposed. In addition, the contact is well exposed

at both Saladak and near the top of Dolen Palikir in Sokehs

Municipality. At many places the location of the contact

can only be approximently mapped because the exact contact

is covered by colluvium. In the southern half of the

island, the shield-building lavas are largely covered by

pyroclastic fall deposits (Rohi Ash) and by voluminous
late-stage lava flows.

PAREM BRECCIA

The islands of Parem and Mwahnd Peidi are composed

almost entirely of volcanic breccia. The breccia consists

of angular to subangular rock clasts set in a fine-grained,

scoriaceous matrix. On the northern half of Parem island,

the breccia is stratified with beds dipping roughly 15

24
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degrees to the north. On the southern end of the island,

no bedding is observed in the breccia. Clasts range in

size from 5 to 38 cm in diameter in the north to 10 to 60

cm in the south with the average clast size being much

larger in the south. This southward increase in clast size

and the dip of the beds suggest that the original eruptive

source was probably located near the present day location

of the Village Hotel. Individual beds of scoria contain

distinctly different sizes of entrained clasts indicating

that there were pulses of variable eruptive intensity

during deposition of these breccias.

A wide range of rock types are present as clasts with

olivine phyric and aphyric alkali olivine basalts being the

most common. Fine to coarse-grained gabbro is also found

widely distributed in the breccia. Many of the basaltic

clasts are either vesicular or amygdaloidal. These clasts

are chemically similar to analyzed samples of the

shield-building lavas. In the northern half of Parem

Island, the breccia is overlain by a hornblende-bearing

lava flow that grades into a hyaloclastite at exposures

along the current shoreline. The contact between the flow

and the breccia dips 17 degrees to the north. The breccia

is . cut by numerous olivine phyric dikes of alkali olivine

basalt and basanitic composition. The overall dike

intensity is roughly 2% while the average width of 30 dikes

measured is 67 cm. The predominant strike of the dikes

range from North to N20W (Figure 7).

The island of Mwahnd Peidi is composed entirely of

breccia with clasts of similar lithology to those observed

on Parem Island. The stratified beds of scoria dip from

10-15 degrees to the northeast. The steep dip of these

deposits on both islands suggests that they either flowed

into a pre-existing depression or that they were steepened

by post-depositional tectonic movement after deposition.

Small fault offsets in the clast beds (typically less than

2.5
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70 em) are observed on these islands, indicating that at

least small amounts of tectonic movement have occurred.

The relatively low dike intensities observed within

these deposits, which are located within 2 kilometers of

shield lava outcrops with up to 95% dike intensities,

suggests that this volcanic stage occurred either near the

end of the shield-building stage or sometime shortly after

it. Neither these breccias nor the ash deposits, which

will be described below, are observed within the exposed

stratigraphic sections of the late-stage volcanics. This

suggests that they both pre-date the Awak volcanic stage.

On other oceanic islands, deposits such as these are often

associated with the end of the shield-building stage when

volcanic activity becomes progressively more explosive in

nature (Macdonald et al., 1983). It is also possible that

these breccias are the products of rapid erosion of a steep

cliffline produced by the postulated major landslide event

at or near the end of the shield-building stage.

ROHI ASH

Recent road cuts in the southern half of the island

have revealed some particularly geod outcrops of volcanic

ash. These deposits are often layered and contain well

sorted, angular clasts set in a fine-grained, tUffaceous

matrix. The ash is deeply weathered and no fresh samples

of the juvenile material were obtainable. The entrained

clasts range in composition from basanite to basalt and are

similar chemically to lavas of the shield-building stage.

No systematic variation in the maximum clast size is

observed in the outcrops studied suggesting that the ash

emanated from several widely spaced vents. The beds

usually have shallow dips, ranging from near horizontal to

up to 8 degrees, with localized areas having highly

variable dips that apparently mimic the underlying local

26
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topography at the time of deposition. Relatively wide

basanitic dikes are found cutting through the ash material

at two localities. The maximum observed thickness of these

ash deposits is roughly 100 meters. However, the basal

contact of the ash was not observed during mapping, and

thus a true estimate of maximum thickness cannot be made.

In the south, the ash is overlain by thick, late-stage
basanite flows. An impressive example of this upper

contact occurs at Kalkaup waterfall where a 30 meter thick
basanite flow is found overlaying the ash. Abundant
quantities of groundwater emanate from this contact as a

result of the permeability contrast between the overlaying,
fractured basanite and the underlying, low permeability

ash.

The northern-most exposure of the ash is found just
south of Dolensekir at roughly 290 meters elevation, where
it appears to lie atop the shield-building lavas. The

contact is obscured by colluvium and vegetation. In the

northern end of the island, the a&h is not observed in the
stratigraphic section exposed in Uh or in the deep
groundwater holes in and around Kolonia. One explanation
of this asymmetric distribution of ash towards the south

half of the island is that the prevailing winds at the time

of these explosive eruptions were much stronger than the

present-day north-easterly trade winds. As a reSUlt,

airborne material was preferentially deposited around the

southern end of the island. Because the reSUlting ash

deposits would have been relatively thin in the northern

half of the island, they were probably largely removed by

erosion during the 1 Ma eruptive hiatus prior to the Awak

Volcanic stage. An alternative explanation is that the

source vents for these ash deposits may have all been
located in the southern half of the island for some
unexplained reason.
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AWAK VOLCANICS

The Awak Volcanics rest unconformably above the

shield-building volcanics and the Parem Breccia in the

northern half of Pohnpei. The type locality occurs at

Kepin Mahu, near the village of Awak, where a

near-continuous 170 meter section of these volcanics is

exposed (Figure 10). At this site, a 10.5 meter thick

hyaloclastite deposit unconformably overlies the dike-cut

shield-building lavas at an elevation of 105 meters. Above

this contact, the section is composed of alternating layers

of hyaloclastite and basanite flows that range in thickness

from 10 to 20 meters. The total thickness of this unit as

exposed in the ridgeline at Kupwuriso is roughly 350

meters. The oldest flows of this stage are typically

basanitic in composition with increasing amounts of more

evolved hawaiites occurring up-section. The more evolved

alkali basalts and hawaiites are typically aphyric, with a

sugary texture due to the presence ~f microscopic laths of

plagioclase. The basanites often have minor amounts of

modal olivine in the groundmass. A few flows of ankaramite

are found near the top of the section. Individual flow

units are relatively thick (average of 15 meters) and

commonly have fairly steep dips (6 0 to 13 0 degrees).

The thicker flow units often possess well-developed

columnar jointing. In addition, many flows of this stage

appear to have been discharged into rivers or other

standing bodies of water which produced a highly fragmental

rock (hyaloclastite) as the fluid basalt become suddenly

chilled and granulated upon entering the water. Relatively

long periods of time elapsed between individual eruptions

of this stage, as evidenced by the relatively thick (up to

15 meters) conglomerate and stream deposits often found

between individual flow units.

Lavas of this stage are found capping the northern end
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of the island of Parem and form the basal part of nearby

Lenger Island. In a 125 meter deep drill hole at

Nanpohlmal, a minimum of three hawaiitic flows are present

over a depth interval of roughly 35 meters. The two

impressive ridgelines that flank the town of Kolonia, Dolen

Nett and Paiapalap, are composed of flows of hawaiitic

composition from this stage of volcanism. These structures

are examples of inverse topography, where the relatively

viscous hawaiite flows ponded within paleo-valleys cut into

the original, shield-building lavas. As erosion removed

the less resistant shield-building lavas that made up the

valley walls, the more resistant, ponded alkalic lavas

remained, forming the vertical escarpments seen today.

Because of the great vertical thickness of these features

(Paipalap 140 m thick, Dolen Net 100 m thick), these

ridgelines were first thought to be intrusive bodies. In

addition, there are two features which appeared to be

volcanic necks in the Paipalap lineament. However, after

much searching, the basal contact was discovered near the

northern end of Paipalap, proving that this ridgeline is

not an intrusive feature.

Several trachytic domes found in the southern half of

the island are also associated with this stage. In a

roadcut on the side of Dolen Uh, the reddish, oxidized

contact between the intruding trachyte and the overlying

shield-building lavas is exposed. A wide trachytic dike

(min. width=5 meters) is exposed between Dolen Uh and Malen

Loange Peidak. This suggests that these intrusions were in

contact with the same magma body and were intruded at

roughly the same time. The remnants of a dissected

trachytic dome are also exposed in the stream bed of the

Lehn Mesi river. The trachyte is cut by two dikes of

hawaiitic composition and is overlain by a basanitic flow

of the Kupwuriso stage which is exposed in the walls of the

stream valley.
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KUPWURISO VOLCANICS

The last stage of volcanism on Pohnpei is best exposed

below the peak at Kupwuriso, where a 150 meter thick

section is partially visible in the walls of the ridge

(Figure 10). Relatively thick (10-25 meters on average),

columnar jointed lava flows with intervening thinner layers

of sedimentary material are exposed in this type section.

Around the perimeter of the island, these flows often
became very thick (up to 60 meters) as the relatively fluid

lava flowed into paleo-valleys and ponded. Examples

include a 60 meter thick flow of basanite which overlies 10

meters of the Rohi Ash at an outcrop at the base of a

waterfall near Salapwuk. The prominent plateau on which

the village of Mahnd is located is also composed of these

volcanics. The majority of flows associated with this

stage have well developed columnar jointing at their base

and tops. Another distinguishing characteristic of these

flows is the common occurrance of xenoliths. Dunite is the

most common xenolith observed along with smaller amounts of

gabbro and harzburgite.

The lavas of this stage range in composition from

basanite to nephelinite. From stratigraphic sections that

have been sampled and chemically analyzed, it appears that

the basanites were erupted firs·t followed b~l the

nephelinites. In general, the earlier phases of activity

during this stage were more voluminous than the later
phases.

The most recent activity on the island consisted of

small volume nephelinite flows which filled several valleys

on the northern half of the island. Drill cores in Nett

Valley revealed three of these late-stage flows separated

by two intervening fluvial deposits.. The two upper flows

are nephlenitic in composition while the lowest flow is a
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in composition from

the Awak Volcanic

on Pohnpei produced

basanite. Two K-Ar age measurements on the uppermost flow

yielded an average age of 1 Ma (Dixon et al., 1984).

Temwen Island is probably the youngest volcanic

feature on Pohnpei. It is a tuff cone that formed as a

result of the explosive interaction of hot magma with

either shallow groundwater or seawater. A small

nephelinitic lava flow emanated from near the center of the

cone and flowed west. The fact that this easily eroded

tuff cone still retains much of its original morphology in

such an intense chemical weathering environment attests to

its relative youthfulness. The material is argillized and

no fresh juvenile clasts were found. It is predicted that

dating of this feature would yielc a date younger than 0.5

Ma.

On the geologic map, lavas of the Kupwuriso stage are

mapped together with the Awak Volcanics since the contact

between these two units is so infreqently exposed around

the island. In the section near Kupwuriso, the contact

lies at around 450 meters elevation. In the drill hole at

Nanpohlmal, a 75 meter thick section, composed of a minimum

of four flows, overlies a 35 meter section of Awak hawaiite

flows. The major distinguishing features of these two

stages are the overall compositions of the lavas and the

common occurrence of xenoliths in the Kupwuriso Volcanics.

AGE CONSTRAINTS ON VOLCANIC STAGES

As outlined above, volcanism on Pohnpei may be

sub-divided into three major phases of activity. The main

constructional shield-building phase consisted of the

repeated eruption of relatively thin, gently dipping lava

flows of alkali-olivine basalt. These lavas are

unconformably overlain by lavas ranging

basanite to trachyte which comprise

series. The final stage of volcanism
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voluminous flows of nephlenite and basanite that presently

cover much of the southern half of the island as well as

smaller volume flows which ponded within several valleys in

the northern end of the island. Eruptions were frequent

during the shield-building stage in contrast to the

sporadic activity characteristic of the later volcanic

stages.

The timing and duration of these volcanic stages is

partially constrained by K-Ar age dates determined in two

prior studies (Keating et al., 1984; Dixon et al., 1984).

Table 1 is a compilation of all available age data for the

island. Unfortunately, many of the rocks dated in these

studies were collected from around the perimeter of the

island where the most accessible outcrop exposures are

found. As a result, the relative stratigraphic position

of the dated samples is largely urknown and cannot be used

to verify the accuracy of the reported K-Ar age dates. In

addition, the compositions of the dated lavas were not

reported by Keating et al. (1984). An effort was therefore

made to collect rocks for chemical analysis from the

sampled outcrops using the locality map given in their

paper. The compositions given in Table 1 for the Keating

et al (1984) age data were determined from rocks collected
in this study.

The oldest reported age dates of 8.7 and 8.4 Ma were

determined on a basanite collected from a streambed

exposure along the Nanpil River and an alkali olivine

basalt collected in an outcrop in Kitti. The Nanpil

locality described in Dixon et al. (1984) is a stream

terrace made up of poorly stratified river bed deposits

with no obvious bedrock outcropping nearby. Thus it is

probable that the sampled rock was collected from a boulder

that originated farther upstream. The sample locality in

Kitti is in an area mapped as shield-building lavas but the

exact outcrop from which the sample was collected could not
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Table 1. compilation of K-Ar age data for the island of

pohnpei. The composition as well as the approximate site

locality of the dated samples are also included in the

table. compositions of lavas dated by Keating et al.

(1984) were determined in this study by resampling these

localities based on the site map given in their paper.



TABLE 1

SAMPLE AGE COMPOSITION SOURCE LOCATION
# DETERMINED

P2 O.92±.O7 ALKALI OLIVINE DIXON YOUNG FLOW COVERING NETT BASIN
1. 34±.1l BASALT

P9 2.00±.20 ALKALI OLIVINE DIXON FLOW EXPOSED ALONG BANKS OF LEHN MESI
BASALT NEAR BRIDGE ON CIRCUM ISLAND ROAD

P8 2.10±.20 ALKALI OLIVINE DIXON PROBABLE TALUS BLOCK ORIGINATING FROM
BASALT NEAR KUPWURISO RIDGE

P29 3.00±.30 ALKALI OLIVINE KEATING TALUS BLOCK SAMPLED FROM SLOPES ABOVE
BASALT IPWEK

P49 4.20±.20 HAWAIITE KEATING COLUMNAR JOINTED FLOW EXPOSED AT
NINLEU

"'" PlOb 4.30±.13 BASANATOID DIXON COLUMNAR LOG USED IN CONSTRUCTION OF\.n
NAN MADOL

NAN 6.00±.30 BASANITE KEATING COLUMNAR LOGS USED IN CONSTRUCTION OF
MADOL 4.80±.20 NAN MADOL

5.00±.10

P45 6.20±.80 BASANITE KEATING POST SHIELD BUILDING FLOW EXPOSED IN
WESTERN END OF SOKEHS ISLAND

P50 6.50±1.0 'I KEATING PRESUMABLY COLLECTED FROM WEATHERED
FLOWS THAT UNDERLIE SAMPLE P49

P54 7.60±.40 NEPHLENITE KEATING BASAL FLOW EXPOSED ON LENGER ISLAND
6.50J:.30

P40 8.20±.40 ALKALI OLIVINE KEATING PROBABLY COLLECTED FROM A DIKE CUTTING
8.60±.60 BASALT THE MAIN SHIELD BUILDING LAVAS

P-3b 8.70±.70 BASANITE DIXON PROBABLY COLLECTED FROM A BOULDER
EXPOSED IN BANK OF NANPIL RIVER



be identified. Most exposures of the shield lavas are

quite weathered and thus it is quite likely that the sample

dated actually came from a dike cutting these lavas. These

dikes tend to stand out prominently because they are more

resistant to weathering than the country rock. If the

sampled material was indeed a dike, then the age determined

(8.4 Ma) post-dates somewhat the actual age of the shield

lavas in this area.

The major constructional phase on Pacific hot spot

volcanoes typically lasts no longer than 0.5-1.5 Ma

(Jackson et al., 1972). Since no major unconformities are

observed between individual flows in the shield-building

lavas on Pohnpei, one might infer that the main

constructional phase of volcanism on Pohnpei took place

over a similar time span. This would place this stage of

activity roughly between 8.4 and 9.4 Ma.
The Awak Volcanic stage was characterized by sporadic

volcanic activity from about 3.G to 7.1 Ma. Long time

intervals elapsed between eruptive events as evidenced by

the presence of intervening sedimentary deposits between

individual flow units. The oldest K-Ar date (7.1 Ma) was

obtained from a nephelinite flow that forms the basal

portion of Lenger Island. This flow is not cut by dikes

despite being located near the eruptive center of the

shield-building stage. This is good corroborative evidence

that this flow distinctly post-dates the vigorous intrusive

activity associated with the main constructional phase.

This flow is overlain by a 8 meter thick conglomerate

deposit composed of boulders up to 3 meters in diameter

which is in turn overlain by a 12 meter thick,

prismatically jointed mugearite flew. In the stratigraphic

section exposed at Awak, chemically evolved flows such as

this mugearite are found roughly half-way up the section.

An age of 4.2 Ma was obtained for a thick hawaiite flow

which forms the impressive ridge exposed along the coast at
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Ninleu. This intermediate age (ie. between 3.0-7.0 Ma) is

consistent with these evolved lavas stratigraphic position

halfway up the section exposed in Awak. An eroded trachyte

dome exposed in the stream basin of the Lehn Mesi River is

cut by two dikes of hawaiitic composition suggesting that

these domes are either older or of roughly the same age as

the less differentiated hawaiite/mugearite flows exposed in

the stratigraphic section. On other intra-plate volcanoes,

lavas belonging to the compositional suite from

hawaiite-trachyte are erupted during a distinct alkalic

capping phase of post-shield building activity (stearns and

Macdonald, 1946; Spengler and Garcia, 1988).

Additional age data on lavas of the Awak stage include

a basanite flow which unconformably overlies the

shield-building lavas on Sokehs Island (6.2 Ma). The

columnar jointed rock used in the construction of the

archaeological ruins at Nan Madol yielded age dates ranging

from 4.3 to 5.2 Ma. possible quarry sites for these

prismatic rocks are located on the peninsulas of Dollapwail

and Nan Diadi. At these two sites, capping flows of

basanite are observed unconformably overlying the

shield-building lavas and the Rohi ash respectively. The

youngest age date (3.0 Ma) was obtained from a sample

collected just south of Ipwek in Uh Municipality. The rock

dated was apparently collected from one of the large slump

blocks found in this area (Keating et ale 1984). These

large blocks presumably originated from the near-vertical

ridgeline to the east. As a result, the location of the

dated sample within the stratigraphic section cannot be

firmly established.

The youngest K-Ar age dates come from three basanite

and alkali olivine basalt flows related to the Kupwuriso

volcanic stage. A probable talus block sampled by Dixon

near Saladak yielded an age of 2.1 Ma. This sample is

chemically similar to lavas collected from the top of the
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stratigraphic section near Kupwuriso and presumably came
from a block which sloughed off from the overlying near

vertical cliffline. A late stage flow exposed along the

bank of the Lehn Mesi river near Salapwuk yielded an age of

2.0 Ma. The flow that covers Nett basin just south of

Kolonia is the youngest dated rock yielding an age of 1.1

Ma. Age dates of geomorphologically young lava flows such

as those found at Sekere and on Temwen Island would

probably yield even younger dates than 1.1 Ma. However,

based on the available data, this final stage of volcanism

apparently covers a time span of 1.5 Ma.

EROSION AND SUBSIDENCE ON POHNPEI

Erosion and subsidence played a major role in forming

the present-day morphology of Pohnpei, Ant and Pakin. It

is postulated that post-shield building stage volcanism

became focused on Pohnpei, episodically blanketing the

island with thick lava flows which protected the thin,

shield-building lavas from the rapid erosion which was

concurrently occurring on Pakin and Ant. Evidence of rapid

erosion rates early in the island's history is found at

several locations where the unconformity between the

shield-building and Awak lavas is exposed. At many of

these localities, the underlying shield-building lavas are

intruded by numerous dikes (Figure 8). Walker (1960)

showed that dike intensity decreases linearly to zero

toward the top of the volcanic pile in Iceland. The high

dike intensities observed at the current unconformity

suggests that large amounts of th~ original shield volcano

were eroded during the eruptive hiatus between these two
volcanic stages.

An estimate can be made of the combined amounts of

subsidence over the past 8 Ma and erosion during the

eruptive hiatus between the shield-building stage and the

Awak stage if one assumes that the current location of the
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Figure 11. Four bathymetric transects to the northeast and

east of the island of Pohnpei. Note the abrupt change in

slope offshore at roughly 2000 meters in these profiles.

This may represent the contact between the fringing

limestone reef and the original paleoslope of the volcano.
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barrier reef corresponds to the original outline of the

volcano. The average measured dip angle of the shield

lavas was roughly SO but this value is based on only 6

measurements on outcrops from different parts of the

island. Walker (1990) has shown that the average slope of

the tholeiitic shield volcanoes in the Hawaiian chain range

from 60 to 12°, while those volcanoes possessing an

alkalic capping stage typically show steeper slopes from

12 0 to 25°. If one assumes an average dip angle for

the shield lavas on Pohnpei, one can project a line from

the barrier reef back to localities where the unconformity

between the shield lavas and the overlying Awak Volcanics

are exposed. The difference between the extrapolated

elevation and the present-day elevation of the outcrop

should reflect the total amount of subsidence and erosion.

Values ranging from 1200 to 2000 meters of subsidence and

erosion are calculated for five different outcrops around

the island.

Four bathymetric transects to the northeast and east
of Pohnpei reveal an abrupt break in slope offshore at

roughly 2000 meters depth (Figure 11). This could possibly

represent the contact between the basal part of the

fringing limestone reef around Pohnpei and the underlying

paleoslope of the original shield volcano. The steep slope

observed in these transects from sea level to roughly 2000

meters has a similar dip (23 0 ) as the outer reef face

which fringes other volcanic islands (e.g. American Samoa

(21°».
Additional evidence for rapid rates of subsidence are

seen in the lagoonal bathymetry on Pohnpei. Deep channels

(up to 91 meters) intersect the reef and continue on into

the lagoon at five localities around the island (Shepard,

1970). One of the best developed submarine valley systems

runs through Madolenihmw harbor. This submarine valley can

be traced up to near the current discharge point of two
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large rivers which drain the onshore basin in southeast

Madolenihmw. The topography of the lagoonal basins

observed in atolls and islands of the Pacific are thought

to result from the solution of limestone during stages of

low sea level (Shepard, 1970). The unique presence of

these deep channels on Pohnpei, as well as the numerous

indentations in the coastline of the island, are suggestive

of rapid local subsidence since the Pleistocene low stands

of the sea.

Rapid regional subsidence has also occurred in this

part of the Pacific throughout the Cenozoic. East of

pohnpei, the Nauru basin has subsided roughly 1600 meters

since late Cretaceous time while the volcanic basement at

Enewetak Atoll has subsided roughly 1400 meters over the

past 49 Ma (Schlanger, 1987). This rate of subsidence is

much greater than would be expected from the normal thermal

subsidence of the surrounding late-Jurassic sea floor.

Detrick and Crough (1978) suggested that the lithosphere in

this region of the Pacific was thermally rejuvenated

roughly 15-25 Ma ago, leading t.o the rapid rates of

subsidence observed. The fact that the ocean floor between

Pohnpei and Kosrae is roughly 2 kilometers shallower than

predicted by standard thermal models suggests that some

form of thermal reactivation has occurred in this region.

However, interpretation of the depth anomaly around Pohnpei

is complicated by the presence of the Ontong-Java plateau.

Seafloor spreading along the eastern boundary of the

Caroline Plate, located to the southwest of Pohnpei, began

roughly 36 Ma (Hegarty et al., 1983). If it is assumed that

the lithosphere under Pohnpei was thermally rejuvenated

about this time, then subsidence over the last 8 Ma would

have been on the order of 280 meters as a result of

vertical thermal contraction and the gravitational loading

effect of the overlying ocean water (Parsons and Sclater,

1977). Thus the postulated amounts of subsidence are much
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greater than can be explained by simple cooling of the
lithospheric plate. The overall subsidence rate calculated
for Pohnpei is consistent, however, with rates observed in

the Hawaiian chain. Using a depth of 2000 meters as an

estimate of total subsidence, a value of 0.22 mm/yr is
calculated. In the Hawaiian chain, time-averaged

subsidence rates are highest on young volcanoes (Hawaii=2.4

mm/yr) and progressively decrease for the older volcanoes

(Oahu=0.3 mm/yr; Suiko Seamount=0.04 mm/yr) (Walker,
1990). The intermediate subsidence rate calculated for
Pohnpei is consistent with the island's intermedite age (9

Ma) between Oahu (2 Ma) and Suiko seamount (64 Ma). The
cause of these rapid subsidence rates in the Hawaiian and

Caroline Island chains is undoubtedly related to the

loading of the lithosphere by the· weight of the volcanic

edifice.

The combined effect of rapid rises in sea-level in the

Holocene with rapid regional rates of subsidence have led

to the drowned character of the island observed today.
Cores of 635 cm depth were taken from the barrier reef on

Pohnpei on the eastern end of the island and failed to

reach the basement of the Holocene reef (Matsumoto and
Kayanne, 1988). Radiocarbon dates from the intertidal peat

layers found along the coastal plains of Truk, Pohnpei and

Kosrae show that these islands have undergone submergence
of roughly 5.0 meters over the last 6000 years (Bloom,

1970) . These rapid rates of sUbmergence are responsible

for the absence of an extensivE coastal plain of

sedimentary material on the island. The majority of
sedimentary material eroded from the island is currently

being trapped and deposited within the fringing mangrove
forests.

43

-----------_ ... ---



25

20!1;\;11 '::~:;':E
~:}}}}}~::O ~UERTEVENTURA (CANARIES)

DURATION f
OF VOLCANISPA ex PLATE VELOCITY

OTRUK

OPOHNPEI

o ~ ~
Absolute Plate Velocity (mm/yr)

Figure 12. Inverse relationship between volcanic duration

and plate velocity for well dated hot spot volcanoes. The

duration of volcanism on Pohnpei and Truk has been

anomalously long compared to typical hot spot volcanoes

given the rapid velocity of the overriding Pacific plate.
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VOLCANIC DURATION

The long durations of volcanism on Pohnpei and Truk (8

Ma and 10 Ma respectively) are more typical of hot spot

volcanoes on slow moving tectonic plates such as the

Atlantic (ie. Canary Islands, Tristan de Cunha). Emerick

and Duncan (1982) showed that the duration of volcanism on

hot-spot volcanoes is inversely proportional to the

velocity of the overriding plate (Figure 12). The Caroline

Islands are situated on the Pacific Plate which is

estimated to currently be moving with a plate velocity of

roughly 107 mm/year (Minster and Jordan, 1978). Based on

this plate velocity, the volcanic duration on Pohnpei and

Truk should have been on the order of 1-3 Ma, similar to

the durations observed on other hot spot volcanoes located

on the Pacific Plate (ie. Hawaiian Islands, Tahiti,

Marquesas, Australs). As discussed above, the main

constructional phase of volcanism on pohnpei was probably

concentrated over a time range of less than 1.0 Ma. The

long duration of volcanic activity on Pohnpei was thus

related to the extended occurrence of late-stage volcanism

rather than a prolonged shield-building stage on the
island.

The other islands and atolls situated within the

Caroline chain apparently had much shorter volcanic

durations than observed on Pohnpei and Truk. Age dates for

lavas on the island of Kosrae range from 1.2-2.4 Ma

(Keating et al., 1984), indicating a volcanic duration of

roughly 1 Ma. However, there is a possibility that

post-shield stage lavas may still erupt on Kosrae as

happened on both Pohnpei and Truk. The atolls of Mokil and

Pingelap lie between Pohnpei and Kosrae and thus should

have been active roughly 3.0-6.0 Ma if they were produced

by hot spot activity. The large volcanoes that developed

into Oroluk atoll and Minto Reef, as well as the volcanoes
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which flanked Pohnpei and developed into Ant and Pakin

atoll should have been active roughly 8-10 Ma. The fact

that these relatively young volcanoes have already reached

the atoll stage suggests that the duration of volcanism on

these islands was relatively short. The relatively rapid

rates with which these volcanoes were transformed into

atolls was probably a result of several factors; 1) the

probable lack of a post-shield building capping stage on

these particular volcanoes, 2) the abundant rainfall, and

hence rapid weathering and erosion that occurs in this part

of the Pacific, 3) the presence of regionally high

subsidence rates in this part of the Pacific, and 4) in the

case of Mokil, Pingelap, Ant and Pakin, the small size of

the original volcano.

MODELS FOR DEVELOPMENT OF THE CAROLINE ISLANDS

Prior to the development of the unifying concept of

plate tectonics, there was no general paradigm to explain

the spatial and temporal distribution of volcanism within

the ocean basins. Early Japanese work led to the

subdivision of regions in the Western Pacific into distinct

geochemical provinces (Kuno 1959; 1966). The composition

of rocks found on the islands of pohnpei, Truk and Kosrae

are geochemically distinct from the calc-alkaline rocks

found to the west in the Marianas and Palau. This led Yagi

(1960) to subdivide these areas into distinct geochemical

provinces.

The bathymetry and quasi-linear trend observed in the

Eastern Caroline Islands (Figure 1) first led Jarrard and

Clague (1977) to propose a hot spot origin for these

islands. Epp (1978) showed that this linear trend is

co-polar with the Hawaiian chain from 0 to 14 Ma. Keating

et ale (1984) determined a linear progression in mean K-Ar

age dates from 1 Ma in the east to 11 Ma in the west within
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the high volcanic islands of the Caroline Group (Figure 3)
and showed from paleomagnetic measurements that all three
islands formed near the paleoequator and have since

underwent 20-4 0 of northward motion. Pollitz (1986)
suggested that the convex-northward configuration of the

island trend from pohnpei to Kosrae was consistent with a

minor change in the absolute motion of the Pacific between

3.2-5.0 Ma observed in other Pacific hot spot traces.

The extended duration of volcanism on Pohnpei,
however, led Dixon et al. (1984) to argue against a simple

hot-spot model. They proposed that volcanism within the
Caroline Island group may have been related to the

interaction between the Caroline Plate and the Pacific

Plate beginning in early Miocene time (Weissel and

Anderson, 1978). To explain the observed progression in

ages, they invoked a "propagating fracture" model similar

to that proposed by Anguita and Hernan (1975) for the

Canary Islands. In this model, volcanism is related partly
to the development of thermal stresses resulting from

cooling of the lithospheric plate and partly to membrane

stresses caused by changes in the radii of curvature of
moving plates (Turcotte and Oxburgh, 1976). These stresses

lead to fracturing of the crust ar..d upwelling of magma to
produce the observed linear chains of volcanic islands. A
similar mechanism was invoked to explain the
contemporaneous eruption of nephilinites and basanites
along a 600 kilometer segment of the Samoan chain (Hawkins

and Natland, 1975). Volcanism in this case was thought to
result from the complex tectonic interaction between the

Pacific Plate and the Tonga trench. As in the Samoan

chain, contemporaneous eruptive activity occurred within
the Caroline Islands over a distance of roughly 650
kilometers (Figure 3).

The rate of migration of volcanism in the Caroline

chain can be estimated based on the available K-Ar age data
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(Keating et al., 1984; Dixon et al., 1984). To test the

hot spot hypothesis, the age progression in the

shield-building phases on the three high volcanic islands

in the group should provide the : best estimate of the

propagation velocity of the Pacific Plate over the center

of the thermal anomaly. On Pohnpei, the main

constructional phase of volcanism was probably centered

sometime between 8.5-9.0 Ma. There is no evidence of

post-shield building volcanism on the island of Kosrae and

thus the range in K-Ar dates given in Keating et ale (1984)

should reflect the age of the shield-building stage. The
weighted mean of the Kosrae data yields a date of 1.4 Ma.

The island of Truk apparently had a similar volcanic

history as Pohnpei, with at least two distinct phases of

volcanic activity (Stark and Hay, 1963). Thus the oldest

K-Ar age dates for Truk ~resumably reflect the

shield-building stage of activity while the remaining age

dates represent post-shield-building activity. The average

of the three oldest dates measured on rocks from Truk is

13.5 Ma for the shield-building stage. The resulting

regression line through the age data for these three

islands yields a velocity of 107 mm/year which is within

the range of measured rates o·f migration of volcanism on

other well dated Pacific island chains (range 97-109

mm/year; McDougall and Duncan, 1980). This value is also

fortuitously identical to the value calculated by Minster

and Jordan (1978) for this area of the Pacific using an

instantaneous plate motion model.

It is more difficult to reconcile the age progression

and trend of the Caroline Island group with the propagating

fracture hypothesis. It seems unlikely that the fracture

system resulting from the constantly evolving interaction

between two tectonic plates would maintain a fixed, linear

orientation over the long time range (15 Ma) during which

volcanic activity occurred along the volcanic chain. In
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Figure 13. Progressive stages in the development of the

island of Pohnpei. Stage 1 represents the

near-contemporaneous shield-building volcanism on the

islands of Pohnpei, Ant and Pakin roughly 8.5-10.0 Ma .
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addition, one might expect that the propagating fracture

model would lead to the production of a continuous volcanic

ridge rather than to the isolated volcanic islands observed

within the Eastern Caroline Islands. From the above

considerations, the present data for the Eastern Caroline

Island group is most consistent with the hot spot model

proposed by Keating et al. (1984). Why volcanism persisted

on the islands of Pohnpei and Truk for such a long time

remains unexplained.

SUMMARY OF GEOLOGIC HISTORY OF POHNPEI

The geologic development of the island of Pohnpei is

illustrated in Figures 13-18. The time range corresponding

to each illustrated phase is estimated from the available

K-Ar age data. The timing of the various stages of

development illustrated for Ant and Pakin are based largely

on conjecture owing to the absence of any direct geologic

evidence.

Stage 1: The original dome-shaped volcanoes of

Pohnpei, Ant and Pakin were probably active

contemporaneously roughly 8.5-10.0 Ma. A large submarine

platform was built up from the surrounding seafloor by the

repeated outpouring of mildly alkalic lavas from these

three volcanic centers. On Pohnpei, volcanism was centered

near the present site of the Pohnpei State Hospital, and

emanated from this center via radially oriented rift

systems. Based on the shapes of Ant and Pakin atolls it is

inferred that volcanism on Ant also emanated from a radial

rift system while volcanism on Pakin was probably

concentrated along an elongate northwest trending rift

system. Initial maximum elevations of the three volcanoes

are estimated to have been roughly 2200 meters on Pohnpei,

950 meters on Ant and 450 meters on Pakin based on

reconstruction of the un-eroded islands using

representative dip angles for the shield-building lavas.
51
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Figure 14. stage 2 represents the more explosive

which occurred on Pohnpei after or near the

shield-building stage of activity on Pohnpei.

activity on Pakin and Ant had presumably ceased

stage.

-----------_... _.-
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stage 2: Near the end of the shield-building stage,

volcanism became more explosive producing the extensive

pyroclastic deposits now found on the island. Fine to

coarse-grained ash containing large, entrained clasts of

country rock blanketed the southern half of the island.

The spatial distribution of these pyroclastic deposits was

probably controlled by the prevailing wind direction out of

the northeast at the time of activity. More proximal to

the center of activity, coarse volcanic breccias were

deposited and are today best exposed on the islands of

Parem and Mwhand Peidi. The steep dips of these stratified

breccias suggest that they were deposited in pre-existing

depressions such as a pit crater, sUbsidiary caldera or

other large collapse feature. These deposits may also have

been produced by the rapid erosion of the remnant,

steep-sided collapse scar resulting from the postulated

landslide discussed in stage 3.

stage 3: During the hiatus in eruptive activity after

stages 1 and 2, a single or series of large, catastrophic

landslides removed much of the northwestern corner of the

island. Subsidence of the large volcanic platform during

this time led to the development of fringing and barrier

reef systems around all three islands. Pakin probably

eroded more quickly than Ant owing to Ant's being located

in the orographic "rain shadow" created by Pohnpei.

Stage 4: Volcanic activity resumed after a quiescence

of roughly 1.5 Ma. The island of Pakin was probably

already close to becoming an atoll as a result of rapid

subsidence and high regional rainfall whereas Ant was

probably at a near atoll stage of development (similar to

the present day island of Truk). On Pohnpei, lava flows of

basanite mantled the rapidly eroding shield lavas. Halfway

through this stage, volcanism shifted to more alkalic

compositions, with the eruption of hawaiite and mugearite

-------------- ---



Figure 15. Stage 3 illustrates the postulated large-scale

landslide event which removed much of the northwestern

corner of the island at or near the end of the

shield-building stage.
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lavas and the intrusion of trachytic domes dominating the

activity. Later activity during this stage returned to

basanitic compositions. Eruptive activity throughout this

stage was infrequent and episodic as evidenced by the

common occurrence of thick sedimentary lenses between

individual flow units. Some flows ponded within steep,

V-shaped valleys during this stage and upon erosion of the

surrounding valley walls produced the prominent elongate

ridges seen on the northern end of the island today (ie.

Piapalep and Dolen Nett).

Stage 5: Roughly 2.0-2.5 Ma individual eruptive events

became more voluminous creating the broad plateau

morphology observed today around much of the southern half

of the island. As recently as 1.0 Ma, somewhat smaller

volume flows of nephelinite flooded the valleys in the

northern half of the island. These flows today form the

floors of these valleys. The youngest volcanic event on

Pohnpei was probably the phreatomagmatic eruption which

produced Temwen Island. These late-stage flows are notable

for the common occurence of entrain~d xenoliths.

stage 6: Erosion and continued subsidence over the past 1

Ma has led to the present-day morphology of the island.

The current drowned appearance of the island is a result of

rapid rises in sea level within the Holocene and rapid

regional subsidence rates. This explains why coastal

plains of sedimentary material are not found on the

island. Instead, most of the sediment currently being

eroded from the island is instead deposited within the

fringing mangrove forests swamps.

-----------_...._.-



Figure 16. Stage 4 represents the sporadic eruptive

activity which characterized the Awak volcanic stage. This

activity lasted between roughly 3.0-7.1 Ma.
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Figure 17. stage 5 corresponds to the last stage of
volcanism on Pohnpei (the Kupwuriso Volcanic stage). As
illustrated, many of the flows during this stage ponded
within stream valleys eroded into the original shield
volcano.
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Figure 18. stage 6 represents the time since the last

eruptive event on the island roughly 1 Ma. Erosion and

relatively rapid rates of subsidence have produced the

current geomorphology observed on the island today.
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CHAPTER 2
HYDROGEOLOGY OF THE ISLAND OF POHNPEI,

FEDERATED STATES OF MICRONESIA

ABSTRACT

Pohnpei is the largest island in the Caroline Island

group, with an aggregate land area of 334 square

kilometers. The main island is composed entirely of

volcanic material erupted episodically over the last 9 Ma.

Post shield-building stage volcanism produced thick,

massive flow units with low permeabilities which dominate

the present-day geomorphology and hydrogeology of the

island. Pohnpei lacks extensive coastal plains of

sedimentary material around it's perimeter due to a

combination of rapid postglacial sea-level rise and

regional subsidence (roughly 5.5 meters over the last 6000

years) in this part of the Pacific. As a result, volcanic

rock outcrops along the coastline around much of the island

with fringing mangrove swamps offshore. The basal lens is

inferred to be of minimal thickness around much of the

island due to the absence of an effective low permeability

boundary along the coastline. In the southern part of the

island, the presence of relatively thick deposits of low

permeability ash near the coast may lead to locally

elevated basal heads onshore.

Rainfall ranges from 160 inches/year (406 cm/yr) along

the eastern coast of the island up to a maximum of roughly

360 inches/year (915 cm/yr) in the mountainous interior.

Roughly 70% of the rain that falls on the island is

discharged by the network of streams on the island. This

high percentage of runoff is attributed to the low

permeability of the generally thick late-stage flows which

form the valley walls and in some cases the valley floors

of individual drainage basins. The groundwater

contribution to stream flow is generally small based on the
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rapid recession in

The average annual

to be roughly

extrapolation of

streamflow during periods of drought.

pan evaporation on Pohnpei is estimated

55 inches/year (140 cm/yr) based on

data obtained from other islands in the

fromis

water in low-gradient

into the underlying

iron concentrations

swamp

fields

in the Kolonia area yield water with

concentrations (2-6 ppm). Theiron

of these high

of stagnant

the well

relatively high

probable source

vertical leakage

areas surrounding

aquifer systems.

region.

Large-scale groundwater development on the island has

been limited thus far to areas in and around the town of

Kolonia and near the Federated states of Micronesia capitol

site in Paliker. The most productive wells in the Kolonia

area utilize local unconformities between flow units of the

late stage volcanics (T-270 m2/day). other wells located

in the Kolonia area exploit the unconformity between the

late stage volcanics and the underlying shield building

lavas. These wells have lower transmissivities

(T=15.8-30.7 m2/day) as a result of extensive secondary

mineralization and intrusive content (up to 75%) in the

basement rock in this region. Somewhat more productive

wells are located in the Paliker area, which exploit

relatively unweathered shield-building flows (T=60.4-70.0

m2/day). In this region, the shield lavas are cut by

roughly 10-20% dikes, but the degree of secondary

mineralization is minor. As a result the permeability of

the country rock has been reduced somewhat, but not to an

unacceptably low value.

Some wells



Table 2. compilation of historical rainfall records

collected on the island of Pohnpei.
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Table 2:

SITE LOCATION ELEVATION PERIOD OF SOURCE MEASURED ANNUAL CORRELATION CALCULATED ANNUAL
UTII GRID (METERS) RECORD RAINFALL (INCI\) COEFFICIENT RAIN (INCH)

NORTHEAST 700127 -- 1900-1911 GEIUlAN 187.0
POIINPEI
KOLONIA 690123 30 1928-1943 JAPANESE 194.7
KOLONIA 690123 30 1950-1956 NOAA 190.3 1.0 190.3

690124 40 1956-PRESENT NOAA
OHWA 647249 15 1956-1966 NOAA 147.5 .57 149.0
HADOLENIilllW 563233 10 1967-PRESENT NOAA 162.9 .62 171.0
1I0SPITAL 685135 10 1980-PRESENT NOAA 194.9 .96 193.0
PAlES 629062 45 1981-PRESENT NOAA 221. 7 .68 222.4
NANPIL 647118 110 1972-PRESENT USGS 225.9 .74 244.8

""l
RIVER

\..oJ KIRIEDLENG 654086 110 1972-1979 USGS 198.9 .78 216.7
RIVER
LUIIPWOR 630063 45 1972-PRESENT USGS 214.3 .51 219.2
RIVER
KITTI 553080 120 1972-PRESENT USGS 198.5 .58 200.9
MOUNT 578118 450 1982-PRESENT USGS 217.0 .66 245.8
PWOAIPWOAI
NETT BASIN 675135 15 1988-1989 TillS STUDY ----- --- 195.0
NANPIL 638111 185 1988-1989 TillS STUDY ----- --- 291.0
BASIN ill
NANPIL 629104 230 1988-1989 TillS STUDY ----- --- 310.0
BASIN 02
KUPWURISO 654182 605 3/88-6/88 TillS STUDY ----- --- 210.0
PEAK
KUPWURISO 697173 185 3/88-6/88 TillS STUDY ----- --- 150.0
RIDGE

~--

MOKIL ------ 2 1966-1975 NOAA 123.1 .15 126.7
ATOLL 1987-PRESENT
PINGELAP ------ 2 1987-PRESENT NOAA 161.8 .10 158.1
ATOLL



RAINFALL

The island of Pohnpei is located at 1580E Longitude

70N Latitude and is roughly 5000 kilometers southwest of

Honolulu. The island lies in an elongated belt of high

rainfall which is centered about 160 kilometers south of

Pohnpei (Taylor, 1973). The climate of Pohnpei is

characterized by high, uniform air temperatures (less than

0.50C variation in monthly means) with an average annual

relative humidity of roughly 85% (NOAA climatological

data). Light trade winds from the northeast prevail from

November to June with the rest of the year being

characterized by the doldrums, as the regional climate is

dominated by the Intertropical Convergence Zone.

A relatively complete record of historical rainfall is

available for the town of Kolonia since 1900. Rainfall

data were collected during the German administration from

1900 to 1911. The Japanese collected data between 1928 and

1943 at a location near the agricultural station building

(Bryan, 1946). The u.s. National Weather Service began

collecting rainfall data after the war and complete records

are available for the years 1951 to the present time. A

second station was established in 1967 by NOAA near the

Pohnpei Agriculture Trade School in the southeastern end of

the island. A third station was established in 1981 at the

army's civic Action Team camp near Paies.

The United States Geological Survey began collecting

cumulative rainfall records at four sites on the western

half of the island in 1972. Three of these manual rain

gauges were replaced by continuous--recording rain gauges in

1978 while the fourth was discontinued at this time. A

continuous-recording rain gauge was installed on the flanks

of Mount Pwoaipwoai in the interior of the island in

December 1981 at an altitude of 450 meters. A compilation

of all existing rainfall data for Pohnpei up to June 1983

can be found in the report by van der Brug (1984).
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Figure 19. Monthly rainfall data from raingauge stations on

Pohnpei and the atolls of Mokil and Pingelap correlated to

monthly totals at the Kolonia weather station. In general,

the monthly totals for stations on. the island are highly

correlated with monthly data from the Kolonia station
2(r >0.80).
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An effort was made during this study to install

additional rain gauges in the mountainous interior of the

island to complement the existing network of stations. Two

a-inch gauges were installed deep within the Nanpil river

drainage basin at elevations of 190 and 220 meters. These

rain gauges were checked about twice a month over a

14-month period in order to better quantify the rainfall

gradient between the coast and the island's interior. Two

raingauges were installed along the ridgeline below

Kupwuriso in Uh Municipality but only three months of

rainfall data were collected. Because of the short period

of record at these two sites, these data were not utilized

for contouring the island-wide isohyetal map. Additional

daily rainfall data were collected over a 15-month period

at a locality in the middle of Nett basin.

All available rainfall data up to 1989 were compiled

and are included in Table 2. Data from the atolls of

Mwokilloa and Pingelap, which are located roughly 160 and

270 kilometers to the east of Pohnpei, were also included

in Table 2 to give an indication of the approximate open

ocean rainfall in this region of the Pacific. Monthly

rainfall data collected at each station were plotted

against the monthly data collected at the NOAA station in
Kolonia. In general there is a good correlation in monthly

rainfall totals between stations on the island (Figure

19). The stations located closest to the Kolonia station

tend to have higher correlation coefficients than more

distant sites as one might expect. The data for the atolls

of Mwokilloa and Pingelap are very poorly correlated to the

Kolonia record, which possibly reflects the lack of an

orographic component to rainfall on these atolls. The open

ocean rainfall around Pohnpei is estimated to be about 140

inches/year (356 cm/yr).
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KOLONIA YEARLY RAINFALL
1902-1988.-..
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Figure 20. Histogram of annual rainfall totals at Kolonia

station over the historical record.
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The annual rainfall in the Kolonia area can vary

widely from year to year (Figure 20). As the result of
three anomalously dry years (135-145 inches/year; 343-368

cm/yr) during the historical record, the annual mean

rainfall is slightly less than the annual median rainfall.

A plot of the running three year mean annual rainfall

reveals that annual rainfall has been non-normally

distributed throughout the historical record (Figure 21).

In particular, mulit-year periods of wetter and drier than

average annual rainfall appear throughout the record. It
is important to note that the period between 1977 to 1988

has been anomalously dry. Thus many of the stations

established in the 1970's and 1980's on Pohnpei (Table 2)
have collected data during a time interval of anomalously
low annual rainfall compared to the rest of the historical

record. For this reason, the mean yearly rainfall at each
station was calculated by determining the ratio of
cumulative rainfall measured at a given station to the

cumulative rainfall at the Kolonia station during the same
time interval. The historical mean rainfall at the Kolonia
station was then mUltiplied by this ratio in order to

estimate the mean yearly rainfall for a particular
station.

The calculated annual rainfall totals for the various
stations were used to construct an isohyetal map for the

island (Figure 22). Rain gauge localities are plotted with

circles that are proportional in size to the length of

rainfall record for a particular station. The steep

gradient in rainfall in the island interior is based

largely on the data collected in the Nanpil basin. The

amount of rainfall in the mountainous interior of the

island, where no rain gauge data exist, was estimated from

stream discharge measurements of the Nanpil and Lehn Mesi

rivers. The amount of annual stream discharge can be

converted into an equivalent amount of rainfall by dividing
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THREE YEAR RUNNING MEAN RAINFALL
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Figure 21. Variation in three year running mean of annual

rainfall totals at the Kolonia weather station. Years of

drier and wetter than average annual rainfall tend to

cluster in groups. Note that the time period from 1977 to
present has been anomalously dry.
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KOLONIA MONTHLY RAINFALL
1950-1989
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Figure 23. Monthly rainfall averages at NOAA Kolonia
station over past 40 years.
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the discharge by the drainage basin area. Dividing this

number by the estimated runoff/rainfall ratio (0.67)

(discussed later in this chapter) yields a basin-wide

rainfall average. The area within a particular basin can

then be contoured with various configurations of isohyetal

lines until the net rainfall equals the calculated basin

average. For both the Nanpil and Lehn Mesi basins, the

distribution of isohyetal lines were partially constrained

by raingauge data collected within the basin. Using the

above techniques, the maximum annual rainfall in the

island's interior is estimated to be 360 inches/year (915

cm/yr) .
pohnpei recieves abundant rainfall throughout the year

as evidenced by the variation in monthly mean rainfall at

the Kolonia NOAA station over t~e last 40 years (Figure

23). May is the wettest month with an average rainfall of

19.82 inches (50.0 cm) while February is the driest month

with 10.96 inches (27.8 cm). There is some evidence that

the period of maximum rainfall varies from May in the

northern and eastern part of the island to July and August

in the western and southern part of the island. Records

collected at the LUhpwor river station and in Kitti show

rainfall maximums during JUly and August. This shift in

rainfall maximum in the southwestern half of the island is

associated with a change from northeasterly trade winds to

moist southerly winds that typically occurs around July

(NOAA Local Climatological Data, Pohnpei Station).

EVAPOTRANSPIRATION

Evapotranspiration measurements have not been made on

Pohnpei. Because rainfall is generally abundant throughout

the year, the shallow sub-surface on Pohnpei is almost

always close to saturation and water is nearly always

available to plants. Under conditions such as these, the
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Figure 24. Relation

annual rainfall and

the western Pacific.

are estimated from

through the data

annual rainfall and

between average annual pan evaporation,

annual wind movement on four islands in

Pan evaporation values for Pohnpei

the intersection of the best fit line

from the four stations with the measured

wind movement on Pohnpei.

84



actual evapotranspiration rate approaches its potential or

maximum possible rate which can be estimated from pan

evaporation measurements. In a study of the Truk Islands,

Takasaki (1986) showed a strong correlation existed between

measured pan evaporation rates on the islands of Guam, Yap

and Johnston atoll and annual rainfall and wind velocity on

these islands. Using these relationships, the amount of

evapotranspiration on Truk was estimated based on the

measured annual rainfall and wind velocity. Figure 24
shows the correlation among these parameters including

additional data collected on American Samoa from

1978-1983. Extrapolating the best fit line through the

data from these four islands to the annual values of

rainfall and wind velocity measured at the Kolonia NOAA

station yields pan evaportation values of 54.5 and 65.5

inches/year. This technique assumes that the reduction of

sunlight at wetter stations is proportional to the annual

rainfall. Implicit in this assumption is that the annual

potential sunlight intensity, whict. is a function of the

island's latitude, is similar for each island compared.

The islands plotted lie between 70 and 17 0 of the

equator and thus the potential annual sunlight intensity on

each station is similar. The measured annual percentage of

possible sunlight over the Pohnpei station (42%) is indeed

lower than values on the other four islands (44-60%)

suggesting that to a first approximation, using rainfall as

a correlation factor is reasonable. A similar wet coastal

area near the town of Hilo, Hawaii had an average annual

pan evaporation rate of 66 inches (168 cm) over an II-year

period (NOAA Climatological Data, Pacific. v. 1-12). The

Hilo area (annual rainfall 160 inch/year) has somewhat

higher mean wind velocities than Pohnpei and thus this

value would be expected to be somewhat higher than the

actual rate over pohnpei. From the above considerations,

an annual value of 55 inches/year (140 cm/yr) is probably a
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reasonable estimate for evapotranspiration near the coast

of the island where the weather station is located.

Takasaki et al. (1969) showed that pan evaporation rates

decreased in going from areas of low rainfall to areas of

high rainfall in stations in the Hawaiian islands. The

evapotranspiration rate on Pohnpei also likely decreases

towards the interior of the island where rainfall is

greater and the cloud cover is more persistent than along

the coast.

STREAM DISCHARGE

The USGS has monitored stream discharge on pohnpei

since 1970. Daily discharge measurements for the Lehn

Mesi, Nanpil, Luhpwor, Dauen Neu and Lewi rivers have been

compiled from the stream-gauging station records. In
addition, seven other rivers have been periodically

monitored during relatively dry periods (low base flow).

The discharge characteristics of these partial-record

streams can be estimated by correlation with concurrent

discharge rates at nearby continuous-record stations. A

complete description of the station locations and compiled

discharge data up to 1981 is given by van der Brug (1984).

Data for the years between 1981 and 1988 were collected

from the Geological Survey's annual publication "Water

Resources Data for Hawaii and other Pacific Areas." The

areas of the various drainage basins were determined by

planimeter on the new 1:25000 scale u.S. Geological Survey

maps of Pohnpei and differ somewhat from values reported in

the annual report, especially for the Lehn Mesi river basin

(reported value=2.31 mi2, actual value=6.06 mi2).

The average discharge characteristics of the rivers

and streams on Pohnpei are illustrated in Figure 25.

Discharge values given for the partial record stations were

determined by correlating these discrete measurements with

87
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Figure 26. Regression

measured at partial-record

record stations on Pohnpei.

plots comparing the discharge

stations and nearby continuous
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simultaneous measurements from the closest

continuous-record station (Figure 26). In general, the

correlation coefficients between stream measurements at

continuous and partial record stations were generally

greater than 0.8. The annual discharge and baseflow values

determined for the Lehn Mesi river are not directly

comparable to values determined for the other

continuous-record stations since monitoring on this river

only began in October of 1981. As previously discussed for

the rainfall data, the measured and calculated values for

annual stream discharge given in Figure 25 are probably

somewhat lower than the historical annual averages due to

the dry conditions over the record interval.

Flow duration curves were constructed for the four

rivers with long-term, continuous records (Figure 27).

These graphs are cumulate frequency curves that plot the

percentage of time during the record interval that a

specified daily discharge was ~qualed or exceeded. They

effectively combine the flow characteristics of a stream

throughout the observed range of discharge without regard

to the sequence of occurrence. Thus the shape of the curve

is influenced by several factors that include the basin

slope and cover, groundwater contribution to discharge, and

amount of bank storage as well as temporal variations in

rainfall within the drainage basin. The time interval from

1982 to 1988 was used to construct these plots since this

was a period when all four stations were active. In

general the curves have similar shapes suggesting that the

four monitored basins have similar hydrologic

characteristics. At the low flow end of the curves, it is

interesting to note that the Lehn Mesi river curve flattens

out more than the other rivers curves. This suggests that

the relative groundwater contribution to discharge in the

Lehn Mesi river is somewhat higher during dry-weather

conditions than in the other rivers. This was also
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observed in the drought period streamflow between December

1982 to April 1983, which is illustrated in Figure 28. The

baseflow of the Lehn Mesi river declined less rapidly

during the drought than the other monitored rivers. The

larger relative groundwater component in the Lehn Mesi

river basin can be explained by the local geology. The

Lehn Mesi river has incised through the late stage

volcanics into the underlying volcanic ash, which behaves

as an impermeable boundary to vertical groundwater flow.

vertically infiltrating groundwater thus begins to flow

horizontally upon reaching the volcanic/ash contact and

eventually reaches the stream basin. As a result, numerous

springs are observed at the contact between these two units

along the banks of this river, which provides a continuous

inflow of groundwater into the river.

Volcanic ash is observed in isolated outcrops in the

southern and western half of the island. Current outcrops

are limited to areas exposed by stream erosion or by

roadcuts. However, it is likely that this ash underlies a

significant portion of the southern and western half of the

island. The streams in the southerr- half of the island are

quite large and could receive appreciable amounts of

spring-fed groundwater from this perching layer.

Unfortunately no streamflow measurments have been made on

these rivers due to their relative inaccesability prior to

the construction of the circum-island road in 1987.

RAINFALL-RUNOFF RATIO

The percentage of rain which falls on a drainage basin

that eventually becomes streamflow can be determined by

analyzing annual stream discharge records. Ideally, one

would like to know the actual amount of rainfall throughout

the basin during the time interval for which the stream

measurements were collected. For most drainage basins on
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Fiqure 28. stream discharqe for the Nanpil, Luhpwor, Lewi

and Lehn Mesi rivers during the drouqht period from
December 1983 to April 1983.
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Pohnpei, the only rainfall information available is at the

actual discharge measurement site.

The raingauge at the Nanpil river site, however, is

fortuitously situated near the upper portion of the Lewi

River drainage basin. Rainfall data from this station used

in conjunction with rainfall data collected at the Pohnpei

state Hospital, which is located near the lower portion of

the drainage basin, can be used to give an estimate of the

average basin-wide rainfall. For the time interval from

June 1978 to January 1987, a runoff/rainfall ratio of 0.66

was obtained for the upper Lewi river gauging station. For

the time interval from June 1978 to November 1981, a value

of 0.69 was obtained for the gauging site located near the

mouth of the Lewi river. The geology and morphology of the

Lewi river basin is similar to other drainage basins on the

island. Thus an average value of 0.67 is believed to be

appropriate for most other river basins on the island.

This ratio is higher than values determined on other

volcanic islands such as Oahu, where an average value of

35% was determined by Shade (1984) for the undeveloped

portion of Moanalua Valley. The high value for Pohnpei is

largely related to the relatively low permeability of the

late-stage volcanics which floor many of the discharge

basins on the island. In addition, rain falls on Pohnpei

virtually every day of the year which creates a condition

where the ground surface is almost always saturated with

water. Since individual rainfall events are often quite

intense, the infiltration capacity of the ground surface is

probably often exceeded. These conditions promote Horton

overland flow of rainfall over the ground surface and

directly into the stream rather than infiltration.

9.5
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GROUNDWATER

Rainfall is the ultimate source of all fresh water on

Pohnpei. A percentage of this rainfall runs off directly

to the sea in streams, a percentage returns to the

atmosphere by evaporation and transpiration and a

percentage moves downward through the soil and rocks to the

zone of saturation and becomes groundwater. Despite the

high runoff/rainfall ratios calculated for the island's

streams, a substantial amount of water enters the

subsurface annually. The annual amount of recharge in a

given river basin can be calculated using the relationship

Rg = P - Rs - ET - S
where Rg is groundwater recharge, P is precipitation,

Rs is surface runoff, ET is evapotranspiration and S is

the net change in soil moisture. For calculating long-term

averages, the change in soil moisture can be neglected. On

Pohnpei it has been shown that roughly 67% of rainfall runs

off as streamflow (Rs=0.67P). Using this relationship,

the average annual precipitation within a monitored basin

can be estimated. The estimated annual evapotranspiration

rate of 55 in/year (140 cm/yr) and annual stream discharge

from the basin are then subtracted from the annual

precipitation to obtain an estimate of basin-wide

recharge.

Island-wide recharge was estimated by sUb-dividing the

isl~nds total area into rainfall intervals using the

isohyetal map (Figure 22). Recharge was recalculated for

each spatial unit. Runoff was estimated to be 67% of total

precipitation. using a constant evapotranspiration value

for the entire island (55 in/yr), a value of roughly 145

MGD is obtained. Figure 29 shows the estimated annual

recharge within various river basins on Pohnpei. Linearly

decreasing the ET value on Pohnpei from a coastal value of
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55 inches/year to a low of 20 inches/year in the island
interior, yields an estimate of 195 MGD for island-wide
recharge.

Given these large estimates for daily recharge on
Pohnpei, one might ask where this water exits the island.

Springs are observed throughout the island but are
generally small and have minimal discharge rates.
Unfortunately there was not enough time to conduct a

systematic survey of the island's springs during this
study. One of the few localities where abundant
groundwater discharge can be observed on Pohnpei is along
the southern coastline of Madolenihmw. This part of the
island is bordered by a fringing reef rather than the
barrier reef system that surrounds the rest of the island.
Large quantities of groundwater discharge through the
fringing reef offshore of Nan Koaroak. This site is
popular with scuba divers because of the diverse fish
community which lives near the discharge point of this
cold, fresh water. Abundant ground\l:ater is also observed
discharging just to the west of Pohnahu in Paliker. At
this locality, a large body of brackish water is found
surrounded by mangrove forest. During low tide,
groundwater is observed discharging into the area from
along the coastline and just offshore through the paludal
sediments. Water samples collected at this locality

yielded salinites of roughly 1000 ppm chloride. This
intermediate chloride content results from mixing of the

discharging groundwater with lagoonal water which is driven
by the large tidal fluctuations on Pohnpei (1.8 meter
range). The apparent concentration of groundwater
discharge in this area may be controlled by the east-west
orientation of dikes in the region. Wells drilled in the
Paliker area to the east encountered dike impounded

groundwater with heads of about 240 feet. It is postulated

that groundwater flow in the Paliker region is channeled
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Figure 30. Location map of wells drilled on the island of

Pohnpei.
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towards this fresh water swamp area by the large head

gradient towards the coast and the higher regional

permeability in the direction parallel to the average dike

orientation. Vast quantities of groundwater undoubtedly

discharge into lagoonal areas on Pohnpei in a similar,

although more diffuse manner, around much of the perimeter

of the island.

Prior to the drought during the winter of 1983, there

existed little need to develop the groundwater resources on

Pohnpei due to the abundant year-round rainfall. Most

streams and springs on the island are perennial and could

be relied upon if water catchment systems went dry. In

areas not located near streams, water was often obtained by

digging shallow wells (0.4-2.7 m) into the colluvial aprons

that abut; the steep, elongated ridges found on the

island. Many of these wells remained productive during

the drought of 1983 and most that failed could have been

restored by simply deepening the hole to intersect the

anomalously deep local water tables at the time.

Thus far only three areas on the island have been

explored for groundwater development. Most drilling done

thus far on the island has been uncer the guidance of Mr.

John Mink and much of the following information is derived

from his reports (Mink 1984;1985;1986). Figure 30 shows

the location of all wells drilled on Pohnpei up to this

date.

NETT BASIN AQUIFER

During the Japanese administration, numerous shallow

dug wells were established within Nett valley to provide

fresh water for agriculture and the large popUlation living

in the area. The wells range from roughly 2 to 3.2 meters

in depth and are up to 1 meter wide. The sides of the

wells are lined with rocks and the bottoms of the wells are
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Fiqure 31. Location map of drilled wells, cavity wells and

sprinqs found in Nett Valley.

101

------------_.. ----



102

o
Meters

500



HOSPITAL WELL FIELD
STRATIGRAPHY

FEET-----, gFILL

BASALT

BASALT

1-----154

°0°000 0
00°0 0 CONGLOMERATE

00° 0 0
o 0 0
~c=...=;..--1 75

BASANITE

100

DIKE-CUT
SHIELD LAVAS

Figure 32; Stratigraphy of Nett basin aquifer system at the
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packed with activated charcoal which served to filter the

water. In some wells, the upper two feet of the well was

lined with concrete to prevent surface runoff from entering

the well. According to local residents, most of these

wells remained useable during the drought of 1983.

However, the water levels did decline to near the bottom of

most wells. In addition to this system of wells, three

spring localities were also discovered in the basin.

springs S1 and S3 release water perennially according to

local residents while spring S2 was used until recently as

a water supply for local residents. Figure 31 shows the

distribution of wells and springs within the basin.

Wells drilled just south of the state Hospital (wells

K9-K14; Figure 24) provide stratig:r:"aphic information on the

aquifer system in Nett valley (Mink, 1986). At this

locality a 7.7 meter thick lava flow is underlain by a 4.9

meter thick stream-bed conglomerate deposit which

constitutes the aquifer. This conglomerate is underlain by

another 4.0- to 4.6-meter thick flow which is in turn

underlain by another 6.2 meters of conglomerate material

which overlies yet another 7.7 meter thick flow. Weathered

material underlies this third flow unit which is believed

to be material above the erosional unconformity with the

shield-building lavas (Figure 32). The shallow Japanese

wells in the basin were blasted through the upper confining

lava flow (which thins going up the basin) to yield

artesian water from the conglomerate aquifer below.

A leveling survey was run in February 1989 to

determine the elevations of each well in the basin. Using

these data, the head gradients between the wells were

determined and are graphically displayed in Figure 33. The

net direction of groundwater flow in the basin roughly

parallels the overlying ground slope. The head gradients

decrease towards the middle of the basin and essentialy

become flat near the northern end of the basin. This

lot+
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Figure 33. Distribution of head gradients and resultant net

direction of groundwater flow in Nett basin.
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school (wells K1, K2,

tap water from the

late-stage volcanics

lavas (Mink, 1986).

results from the presence of an impermeable barrier to

groundwater flow somewhere between the Hospital well field

and the coast. Heads at the hospital well field are 8

meters above sea level despite these wells being located a

mere 155 meters from the coastline. In addition, the water

levels in this cluster of wells are not appreciably

affected by the large tidal fluctuations (up to 1.5 meter)

which occur within the nearby lagoon. Diurnal variations

in water levels tend to be less than 4 centimeters.

The upper capping flow outcrops along the entire

coastline as a discontinuous low cliffline. Traverses

along the coastline failed to find any evidence of

significant quantities of freshwater entering the estuary.

The only evidence of fresh water along the coast is the

spring at site S2 (Figure 31). This spring, however,

appears to be recharged by a small slope of talus located

just up-gradient of the area and is probably not connected

to the main confined system. This is supported by

conversations with local residents who report that this

spring dried up during the drought of 1983 while the other

two springs in Nett basin (S1 an~ 53) remained flowing

although at greatly reduced rates.

The exact nature of the impermeable boundary at the

northern end of the Nett aquifer remains unclear. One

possibility is that the aquifer is laterally discontinuous

and the streambed deposits pinch out prior to reaching the

present day coastline. Additional drilling within the

basin is required to better define this system.

PICS HIGH SCHOOL WELL FIELD

The wells drilled near PICS high

K4-K7; Figure 30) are thought to

erosional unconformity separating the

from the underlying shield-building
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Drill logs reveal a similar stratigraphic section in each

well with 40-60 feet of weathered material overlying a

40-60 foot section of hard rock of basanitic composition.

This basanite flow is compositionally similar to flows of

the Awak volcanic stage (7.0-3.0 Ma). Below this hard rock

layer the wells enter softer material composed of clay and

soft rock which Mink (1985) interpreted to be the weathered

products of the unconformity. The underlying fresh

basement volcanics were not reached during drilling.

Exposures of shield-building lavas near the well field are

extensively weathered and have been intruded by numerous

dikes that are somewhat more resistant to weathering. It

is postulated that at least part of the section of rock and

clay encountered below the hard rock layer are actually

weathered shield lavas (the clay) and dike material (the

soft rock). This combination of weathered material above

the unconformity as well as the shield-building lavas and

dikes comprise the exploited aquifer which is thought to be

confined by the overlying layer of volcanic rock (Mink,

1986). Because the well casings were perforated up to 20

feet below the surface, it is also possible that some of

the water entering the well comes from the top layer of

clay and loose weathered material. Mink (1984) noticed

that water rapidly infiltrated through material of similar

lithology during heavy rainfall while running a pump test
in Paliker.

The aquifer material has low permeability resulting

from the area's proximity to the original volcanic center

of the island. The shield lavas have been intruded by

non-vesicular dikes which constitute up to 70% of nearby

exposed outcrops. These frequent intrusive events have led

to the pervasive alteration of the host rock and a

corresponding decrease in overall permeability.

Consequently, the measured transmissivities at these wells

are quite low (8-30 m2/day) and pumpage is accompanied by
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large amounts of drawdown. The high head levels (140-145

feet) observed in these deep wells (typically drilled to

100 feet below sea level) indicate that the exploited

aquifer is not in hydraulic connection with underlying sea

water and is probably impounded by these weathered dikes.

Two wells (K3 and K8) were drilled through a thick

section of the late stage flows that lie above the main

shield-building lavas in the Nanpohlmal area. It was hoped

that rubble layers between individual flow units in the

section might yield enough water from the otherwise poorly

permeable volcanic rock to warrant development at these

sites. However, in both areas, moderate pumping rates led

to rapid water level drawdowns and consequently these sites

have not yet been developed.

PALIKER REGICN

Three wells were drilled in the Paliker area to supply

water for the new FSM capitol site (Wells P1-P3; Figure

24). These wells were drilled entirely within the

shield-building lavas. A 50-foot thick weathered horizon

composed of soil and clay was found to overlay 50 feet of

saprolite. Relatively fresh rock was found below the

saprolite. The well screen was located half in saprolite

and half in the underlying crystalline rock. It is

presumed that the majority of groundwater is derived from

the unweathered basement rock (Mink, 1984) . The

permeability of this crystalline rock is surprisingly low,

leading to relatively large amounts of drawdown associated

with sustained pumping. Shield-building lava flows from

other parts of the island are somewhat thicker, but

morphologically similar to aa flows observed in the

Hawaiian Islands and should be quite permeable. In the

Palikir area, however, surficial outcrops of the

shield-building lavas are intruded by between 7-35% dikes.
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This intensity of dikes is apparently sufficient to impede

the movement of water through the normally permeable

interflow rubble zones between individual aa units, leading

to the lower transmissivities observed in the Palikir well

field. In addition, minor amounts of secondary

mineralization are observed at depth within the well

cuttings which could also have decreased the original

permeability of the rock. Impoundment of groundwater by

these dikes is further evidenced by the high head levels

(240 feet) observed in these deep wells (drilled to 50 feet

below sea level). The effect of these dike barriers is

also seen in the pump test data (see below).

PUMP TESTS

An effort was made to perform pump tests on all

operational wells on Pohnpei in order to determine the

range in transmissivity and storativity values in areas

already utilized for groundwater development. Details

regarding well construction and initial pump test data

obtained for the drilled wells in the Kolonia and Paliker

areas can be found in the reports by Mink (1984, 1986).

In Nett basin, pump tests were performed on five of

the shallow dug wells using a portable 3 horsepower vacuum

pump to remove water. The rate of water decline during the

test was monitored with a conductivity tape at 30 second

intervals while the pumping rate was monitored by measuring

the time required to fill up a 50-gallon trash can. The

pumping tests lasted from 20 to 90 minutes with constant

pumping rates ranging from 15 to 50 gallons per minute

(57-190 liter/min) depending on the capacity of the well.

Farther down the valley, the Hospital well field was tested

by pumping well K10 over a three week period (average rate

of 55 gallons/minute) and monitoring the rest of the well

field for head declines.
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Transmissivity values for both the shallow-dug wells

and the Hospital well field were determined using the

Jacob-Cooper method. This method assumes that the well

screen fully penetrates the confined aquifer system (which

was true for the Meida well field but not true for the
shallow dug wells which only penetrated the very top of the

aquifer). For these partially penetrating wells, an
analytical solution for the unsteady flow into a cavity

well can be used to determine the aquifers transmissivity
(Kanwar et al., 1976) if one has drawdown data from an

observation well. At site 5, there were two shallow dug

wells located 17 meters apart. Drawdown measurements were
made simultaneously at both wells during the pumping of

well #5 and the drawdown values obtained were used to

calculate a transmissivity value. The value obtained by

this method was only 20% higher than the value obtained

using the Jacob-Cooper method suggesting that the

transmissivity values calculated for the other shallow-dug

wells are, at the very least, useful approximations to the
true values. The transmissivity and storativity values

derived from these tests in Nett basin are listed in Table
3.

Pump tests were performed on the wells in the Kolonia

area for durations ranging from 12 hours to 11 days.

Aquifer parameter values were determined using the
Jacob-Cooper semi-logarithmic method for single wells and
the Theis method for pumped wells with nearby observation

holes. Since the depth to the bottom boundary of the
aquifer system in this area was not reached during

drilling, the pumped wells are actually only partially

penetrating. It is thus expected that the transmissivity
values determined by these pump tests might be slighly less
than the true values.
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Table 3 :

DRILLED WELLS ON POHNPEI

OBSERVATION PUMPING WELL SCREEN STORAGE
WELL WELL ELEVATION INTERVAL TRANS. COEFFICIENT

(METERS) (METERS) (M2/DAY)
P1 P1 75.3 63.1/32.6 66
P1 P2 673.7 0.001
P2 P2 75.6 54.3/29.9 61.3
P2 P3 943.9 0.0012
P3 P3 77.1 55.8/31.4
K1 K1 47.2 -18.3/-36.6 9
K1 K4 25.3 0.0003
K2 K2 44.2 39.3/-15.5 23.5
K2 K5 93.1 0.00005
K3 K3 85.3 OPEN HOLE VERY LOW
K4 K4 46.9 ? 15.8
K4 K2 52.5 0.003
K5 K5 43.6 37.5/-11. 3 35.7
K5 K2 38.8 0.00003
K7 K7 45.7 39.6/-14.1 30.7
K8 K8 85 66.7/-26.2 1.9
K9 K10 10.8 4:.7/-13.6 262.1 0.0012
K10 K10 10.68 6.1/ .1 240.1
K11 K10 10.25 -6/0 266.6 0.0004
K12 K10 10.2 -6/0 264.8 0.0003
K13 K10 10.22 -6/0 259.7 0.0004
K14 K10 10.09 -6/0 274.1 0.0002

Table 3. Compiled

determined from pump

island of Pohnpei.

transmissivity and storativity values

tests on all operational wells on the
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Transmissivity values for both the shalloW-dug wells

and the Hospital well field were determined using the

Jacob-Cooper method. This method assumes that the well

screen fUlly penetrates the confined aquifer system (which

was true for the Meida well field but not true for the

shallow dug wells which only penetrated the very top of the

aquifer). For these partially penetrating wells, an

analytical solution for the unsteady flow into a cavity

well can be used to determine the aquifers transmissivity

(Kanwar et al., 1976) if one has drawdown data from an

observation well. At site 5, there were two shallow dug

wells located 17 meters apart. Drawdown measurements were

made simultaneously at both wells during the pumping of

well #5 and the drawdown values obtained were used to

calculate a transmissivity value. The value obtained by

this method was only 20% higher than the value obtained

using the Jacob-Cooper method suggesting that the

transmissivity values calculated for the other shallow-dug

wells are, at the very least, useful approximations to the

true values. The transmissivity and storativity values

derived from these tests in Nett basin are listed in Table
3.

Pump tests were performed on the wells in the Kolonia

area for durations ranging from 12 hours to 11 days.

Aqui.fer parameter values were determined using the

Jacob-Cooper semi-logarithmic method for single wells and

the Theis method for pumped wells with nearby observation

holes. Since the depth to the bottom boundary of the

aquifer system in this area was not reached during

drilling, the pumped wells are actually only partially

penetrating. It is thus expected that the transmissivity

values determined by these pump tests might be slighly less

than the true values.
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Table 4.

WELL # DEPTH DIAMETER TRANS*10-4 ELEVATION FE CONTENT
(CM) (CM) (M2/SEC) (METERS) (PPM)

1 214 71 3.3 17.12 0.1
2 183 89 2.6 14.46 1.8
3 163 97 16.8 9.25 3.5
4 183 109 12.7 15.94 1.2
5 205 90 8.3 13.26 1.0
6 122 69 18.01 0.2
7 76 132 25.28
8 123 76 19.29 2.4
9 173 71 23.74

10 198 84 23.14 0.4
11 76 66 28.88 1.9
12 94 64 -8.5 4.0
13 70 70 -6.0 4.5
K9 30.3 10.80 4.3

K10 30.5 10.68 4.3
K11 30.8 10.25 4.3
K12 30.9 10.20 4.3
K13 30.0 10.22 4.3
K14 31.7 10.09 4.3

FLOW RATE
(GAL/MIN)

SPRING 1 0.25 25.73 0.03
SPRING 2 0.20 -1. 0 1.3
SPRING 3 0.50 -34.0 0.12

Table 4. Compiled physical and hydrologic data for wells
and springs found in Nett basin.
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MUltiple well pump tests (one pumped well, one or

several observation wells) were also performed at the three

main well sites (Paliker, PIes and Meida) which allowed a

more represenative value of transmissivity for these three

aquifer systems to be determined. At the Paliker site,

transmissivities calculated from pump tests at a single

well were an order of magnitude less than regional values

calculated based on drawdown in an observation well. This

difference is thought to reflect the heterogeneous and

discontinuous nature of the exploited aquifer. This is in

turn consistent with the presence of abrupt discontinuities

in permeability resulting from the numerous dikes present

at this site. Table 4 shows transmissivity and storativity

values determined from these pump tests. The values for

wells K2, K3 and the Palikir site were taken from Mink

(1986).

WATER QUALITY

Surface water quality data have been collected by the

USGS at 20 sites on Pohnpei over the past 18 years (Van der

Brug, 1984). The water quality of all sampled rivers is

excellent with the concentrations of all chemicals analyzed

being well below the recommended limits proposed by the

Environmental Protection Agency (1975) and the World Health

Organization (1971). Of the 20 sites sampled, only three

rivers (Nanpil, Lewi and LUhpwor) have been sampled more

than twice. The average concentrations measured for these

three streams are given in Table 5. The only element which

approaches undesirable concentrations is iron (22-410

microgram/liter) which often exceeds the desirable level of

100 microgram/liter set by the World Health Organization

(1971) .
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Table 5. Water quality data for streams and wells on the

island of Pohnpei. In general, the water is of excellent

quality with locally high iron concentrations observed in

some wells.
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POHNPEI WATER CHEMICAL DATA Table 5.

CONSTITUENTS UNITS NANPIL l£WI LUHPWOR P3 K2 K4 K5 K7 Kl0 HIGHEST
RIVER RIVER RIVER DESIRABlE

---
NUMBER OF ANAlYSIS·· 12 10 11 1 1 2 2 3
RIVER DISCHARGE-··· MTR3ISEC 0.564 0.093 0.156

SPECIFIC CONDUCTANCE MICROMHO 25 37 55 111 651 296 160 145 242

f-"o
pH..··_·-_·.. 6.8 6.8 7.3 7.6 7.6 7.3 7.7 7 6.5

t-> HARDNESS AS CaC03- MIWGMIl 8 14 18 54 240 3 73 64 120 100
-c CAlCIUM, DISSOLVED- MIWGMIl 1.7 2.4 3.7 12 58 24 12 10 19 7S

MAGNESIUM. DISSOLVED MIIUGM/I.. 0.9 2.2 2.1 8 22 13 11 10 18 30
SODIUM, DISSOLVED..· MIWGMIl 2.2 2.4 2.6 5 45 20 8 5 9
POTASSIUM, DISSOLVED MILlIGMIl 0.2 0.2 0.2 1 2 1 1 1 2
SULFAtE. DISSOLVED- MlllIGMIl 3 2.6 2.4 1 230 32 9 2 18 200
CHLORIDE, DISSOLVED· MILUGM/I.. 3.7 3.9 3.5 3 4 5 4 5 13 200

SIUCA,DISSOLVED- MIWGMIl 5.9 9.2 12 5S 30 27 32 30 51

IRON,DISSOLVED-- MICROGM/l 90 120 110 6 15 150 10 16 5100 500
MANGANESE. DISSOLVED MICROGMIl 2 6 6 <1.0 17 67 2 1 100 50
NITRITE PLUSNITRATE
DISSOLVED ASN- MIWGMIl <0.1 <0.1 0.16 <0.1 0.1 <0.1 <0.1 0.16 <0.1
DISSOLVED SOUDS- MIWGM/l.. 19 27 33 118 446 190 100 100 210 500



Groundwater chemical data have been collected by the

USGS for the last two years. Samples from six wells have

been thus far analyzed (Table 5). A sample collected from

well K2 in PIes well field is of marginal quality as a

result of its hardness and high sulfate and dissolved

solids content. Unfortunately there is only one analysis

for this well and it is difficult to know whether this

analysis is representative of water pumped from this well.

Well KID from the Hospital well field has greatly elevated

concentrations of iron and manganese.
Water samples collected from the wells and springs

within Nett basin revealed a distinct gradient in iron

concentrations (Figure 34). Relatively iron-free water is

found along the western margin of the basin in both springs

and wells. The concentration of iron steadily increases in

the wells located toward the center of the basin. The

source of the iron contamination is undoubtedly the swampy

taro fields located just up-gradient from the Hospital well

field that cover much of the central basin area. Samples

of ponded water collected from the swamp had iron

concentrations ranging from 8 up to 40 ppm iron. The iron

content of the swamp water varies greatly depending on how

recently it has rained prior to sample collection. The

flatness of the valley floor and the low permeability of

the flow that floors the valley leads to ponding of

significant quantities of water in the central portion of

the basin. The iron content of the water slowly increases

under the anoxic conditions in the swamp and eventually

leaks through this confining layer into the underlying

permeable streambed layer.

Figure 35 shows the observed variation in iron

concentration from water taken from well K9 over a time

interval of roughly 4 days. Samples were collected by

running the pump for roughly 5 minutes prior to sampling,

after which time the pump was turned off. These samples
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Figure 34. Observed gradient in iron concentration of
groundwater within Nett basin.
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Figure 35.
pumped from
to rainfall

variation in iron and pH of water
well K9 over a four day period and
during the same time period.
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were analyzed by atomic absorption spectroscopy and the

iron values are accurate to .05 ppm. The pH measurements

are less accurate since they were measured roughly 2 weeks

after collection. In general the pH and iron content of

the water samples collected vary sympathetically. Figure

35 shows that the iron concentration of the groundwater

removed from the aquifer sometimes becomes strongly diluted

within an hour or two of periods of intense rainfall. This

rapid dilution is probably not a well effect due to

vertical leakage around the drilled hole since the well

intake is surrounded by a 30x10 foot slab of concrete which

is housed inside a protective shelter. Due to the

generally low permeability of the cap rock, some form of

preferential flow through joints or fractures in the rock

must occur to explain the observed rapid dilution.

Downward flow of water at the surface was perhaps in part

induced by the initial drawdowns in head created by pumping

of the system when the water samples were collected.

A set of water samples was also collected during a

steady pumping test carried out in February 1989. Well K10

was pumped at a rate of 55 gallons/minute (210

liters/minute) for a total of 15 days. Iron concentrations

were analyzed using a portable Hach spectrometer and are

probably accurate to 0.2 ppm. The iron concentration

within the aquifer varied from 3 to 6 ppm Fe over the 15

days of pumping (Figure 36). The variation in iron

concentration again appears to be controlled by the amount

of rainfall prior to the time the sample was collected.

During this continuous pumping test, the fluctuations in
iron content of the sampled water were less dramatic than

those observed in the other test where the pump was turned

on and off. Because the system was under a constant stress

during the test period, Figure 36 is probably a more

accurate representation than Figure 35 of the range in iron

content which would have to be removed to render this water
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Figure 36. Variation in iron content of water sampled from

well K9 over fifteen days of continuous pumping.
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potable should the state attempt to utilize the Nett basin
aquifer.

Water samples were also collected during the pump

tests performed on the shallow-dug wells in Nett basin.

Only minor fluctuations in iron concentration were measured

in these wells during the tests despite the wells being

pumped to near their bottoms. This suggests that little

water entered the well from the nearby swampy areas during

pumping as this would have been expected to have

dramatically raised the measured iron concentrations of the

pumped water because of the high iron contents of the

surficial ponded water. It is likely, however, that if

pumping had been carried out over a long time, similar

variations in iron content would have been observed within

these shallow wells as was observed in the Meida wells

since they tap the same confined strata.

The variation in iron concentration of water pumped

from the well K8 at Nanpohlmal was also monitored (Figure
37) . This well was drilled to a depth of 400 feet (122

meters) into a thick sequence of the late-stage volcanics

(Mink, 1986). The hole enters the shield-building lavas at
a depth of roughly 310 feet as evidenced by changes in the

chemistry and prevalence of secondary hydrothermal

alteration (pyrite, chlorite and zeolites) in the recovered

rock chips. The same type of alte:r'ation is observed within

dikes cutting the shield lavas at other outcrop localities

from around Nett basin.

An 11 day pumping test at 20 gallons/minute (76

liter/minute) yielded a low transmissivity value of 20

ft2/day (1.9 m2/day) for this well with accompanying

high drawdowns. The ~ater pumped over the first three

hours had very high iron concentrations (up to 30 ppm).

After six days of pumping, the iron content of the water

had dropped to below 2 ppm iron, where it stabilized for

the rest of the pump test (Figure 37). The water table had

125

----~-~-~------ -- - ..__ .__.- ---



NANPOHLMAL WELL
GROUNDWATER IRON CONTENT

IRON CONTENT (PPM) DAILY RAINFALL (INCHES)
7r------------------------, 1.4

0.4

1.2

0.8

0.6

0.2

o 0
2/17 2/18 2/19 2/20 2/21 2/22 2/23 2/24 2/25 2/26 2/27 2/28

MONTH/DAY

~ IRON CONC. (PPM) • KOLONIA RAINFALL

4

3

2

6

5

Figure 37. Variation in groundwater iron concentration

measured over eleven days of continuous pumping from the

deep well at Nanpohlmal.

126

._-------_. - ---



dropped from an original depth of 13.7 meters to a depth of

about 55 meters after 6 days of pumpage. The chemistry of

the water is apparently controlled by mixing variable

amounts of two components. The "shallow" component has

relatively high iron concentrations and probably originates

from the infiltration of stagnant iron rich water from the

surface. Two swampy areas located within a hundred meters

of the well are possible source areas for this water.

Since the well is grouted for the first 18.3 meters, this

water must slowly infiltrate through cracks and fractures

in the overlying massive lava flows. The "deep" component

apparently comes from a source up-gradient of the well site

and has much lower iron concentrations. The contact

between the edge of the ponded late-stage flows through

which the hole was drilled and the shield-building lavas is

a couple of hundred yards to the west of the well

locality. This deep component water probably infiltrated

through these weathered shield stage volcanics and entered

the interflow zones between individual late-stage flows.

Alternatively, this water may bE: entering the well along

the base of the unconformity since the base of the

perforated well intake is at roughly the same depth as the

shield-building contact.

OVERVIEW

The presence of groundwater is seen throughout the

island of Pohnpei in the form of springs, seeps and fresh

water marshes. The location of many of these features is

related to shallow sub-surface conditions and reflects

temporary storage of groundwater in soil and colluvium

which overlie less permeable clays derived from weathering

of the primary rock. Shallow dug wells found throughout

the island often exploit these local conditions. Other

features such as the extensive fresh-water mangrove swamp
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area in Paliker are probably related to more regional
groundwater systems.

The complexity of the geology of pohnpei and the

probable wide range in the permeability of the lava flows

are not favorable for the formation of a large,
well-developed basal lens system. Much of the island is

composed of flows which are thick-bedded, massive, dense

and of generally low permeability. In other areas, the

rocks at or above sea level have been weathered to

considerably reduce the original permeability and therefore

the water bearing properties of the rock. Along the

northern coastline of the island, this weathered material

is further intruded by numerous, ncn-vesicular dikes which

further lower the in-situ permeacility. The lack of an

extensive coastal plain around Pohnpei leads to a situation
where there is no extensive wedge of low conductivity

material to retard the horizontal flow of groundwater in

the basal lens toward the sea. On other islands, this

"caprock" can produce regionally high head values
up-gradient from the coast. On Pohnpei almost all well

development to date has been on the northern end of the

island near the town of Kolonia where the geology is

particularly unfavorable for developing the basal lens.

Conditions appear much more favorable, however, for

the potential development of basal water in other parts of

the island. The presence of relatively thick deposits of
volcanic ash in much of the southern half of the island may

produce locally favorable conditions for potential basal
water development. If the ash deposits are somewhat
continuous in the sub-surface then these deposits could

potentially retard the flow of basal groundwater out
towards the lagoon leading to regionally high head levels

inland. Time did not permit an extensive search for

springs and wells in the southern half of the island.

However, along the southern coastline of Madolenihmw, large
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amounts of fresh water are observed discharging through the

reef just offshore of Nan Koaroak. This is one of the few

localities on the island where one can observe voluminous

discharge from the basal lens. Throughout much of the rest

of the island, water from the basal lens apparently

diffuses out to sea through the fringing mangrove forest.

It is also possible that the relatively low

permeability estuarine mud deposits associated with the

fringing mangrove forests may locally elevate basal heads.

At Pohnahu in Paliker, a shallow dug well located roughly

140 meters inland from the coast has a head of roughly 2.1

meters above sea level. While the actual geometry of the

rock/coral/estuary deposit interface is not known in this

area, it is interesting to note that this fresh water marsh

is adjacent to one of the widest bands of mangrove on the

island. Thus, the occurrence of this fresh water area may

in part be related to the lateral extent and depth of the

estuarine and coralline deposits at this locality.

Figure 38 is a general hydrogeologic map which

subdivides the island into zones based on the water-bearing

properties of material in these areas. The actual

occurrence of developable quantities of groundwater is very

site specific and thus the map should be regarded as simply

an attempt at illustrating the potential for groundwater

development from the various areas on Pohnpei, based on the

reconnaissance geologic mapping carried out in this study.

Zone 1. This region corresponds to the approximate

boundary of the original volcanic center of the island as

delineated by the area where outcrops of

shield-buildinglavas are intruded by more than 40% dike

intensities and where the country rock has undergone

significant secondary mineralization. As a result, the

basement rock will in general have low permeabilites. The

PIes well field pumps water from this low permeabilty

basement rock. More productive aquifers in this area are
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permeable talus and

spring (10 gallons

clothes. The spring

These islands are composed of poorly

tuff. On Temwen Island, a fairly large

per minute) is tapped for washing

emanates from a clast-rich layer in

limited to local sedimentary unconformities between

individual late-stage volcanic flow units which overlie the

basement rock. The Hospital well field exploits this type

of aquifer.

Zone 2. In this area, the shield-building lavas are

intruded by intermediate intensities of dikes (5%-40%).

These dikes impound water which leads to the high local

head levels. An example are the wells drilled in the

Paliker area which have encountered head levels of

approximently 240 feet above sea level. Relatively large

quantities of groundwater are potentially developable from

this area but pumping will typically be accompanied by

large drawdown.

Zone 3. The relatively thick deposits of impermable

ash and offshore deposits of paludal sediments within the

fringing mangrove swamps might be sufficient to impede

horizontal groundwater flow out to the coast enough to

elevate regional basal groundwater heads. The voluminous

discharge of groundwater near Nan Koaroak indicates that

large quantities of basal groundwater do indeed occur in

this area. No wells have thus far been drilled in this

area. At higher elevations, numerous springs are located

at or near the contact of the ash deposits and the

overlying, thick late-stage lava flows.

Zone 4. Small springs are observed discharging from

sedimentary deposits and inter-flow rubble zones located

between individual late-stage flow units exposed in the

near vertical ridgelines in the interior of the island.

Evidence for dike impounded water has not been observed in

this area owing to the low dike intensities within these

late-stage flows.

Zone 5.
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the tuff which is apparently of higher permeability than

the surrounding layers of finer-grained tuff. On Parem and

Mwhand Peidak islands, a few minor springs are currently

captured and the water stored to provide drinking water

during dry periods. These springs have low discharge rates

(1-2 gallons/minute) and dry up rapidly during prolonged

periods of no rainfall. The breccias are highly stratified

and vary greatly in lithology between individual layers.

The local permeability contrasts between individual layers

probably leads to the perched conditions exploited at these

springs.

Zone 6. These islands are composed entirely of

coralline sands and beachrock and are anticipated to

contain only brackish water owing to: 1) the small area of

the islands, 2) the relatively high permeability of the

coralline matrix, and 3) the large tidal fluctations which

would promote extensive mixing with any fresh water le~s

that might develop.

The area where the most pressing need for additional

groundwater development exists is in and around the rapidly

growing town of Kolonia. Groundwater development near

Kolonia, however, is hinde~ed by the low permeability of

the underlying basement rock in this area. The potentially

most productive aquifers are to be found in local

unconformities between individual flow units of the

late-stage volcanics. Location of future well sites must

consider the potential for contamination from overlying

surface water. In particUlar, contamination by iron-rich
surface wa~~r by slow infiltration through the overlying

cap rock must be avoided.

In other areas, small-scale development of groundwater

might be possible from the colluvial deposits and talus

fans that flank the steep, elongated "Dolens" on the

island. Perennial springs emanate from these areas

throughout the island and constitute a fairly dependable
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source during drought spells. The yields from springs and

shallow wells from these talus deposits can fluctuate

greatly between periods of rain and drought. However,

additional groundwater can usually be obtained in these

areas by simply deepening normally productive shallow dug

wells during periods of drought.
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CHAPTER 3
ANALYSIS OF GRAVITY FIELD ON AND AROUND

THE ISLAND OF POHNPEI

ABSTRACT

The gravity field on and around the island of Pohnpei

was studied by combining data from a reconnaisance gravity

survey of the island with ahLpboaz'd gravity data for the

surrounding ocean. The gravity contours on Pohnpei are

roughly circular about the gravity high which is consistent

with the radial strike of dikes measured in outcrops from

around the island. The measured free-air gravity high on

Pohnpei is of similar magnitude to that observed over the

eroded calderas of Koolau and Waianae Volcanoes on the

island of Oahu, Hawaii. The gravity high is situated

roughly 5.5 kilometers to the north of the present center

of the island. The asymmetric location may be a result of

the removal of the northwestern half of the island by large

scale landsliding early in the volcano's history. Little

evidence is found in the shipboard gravity and bathymetric

data to the north of the Caroline Islands for the incipient

subduction zone (the Micronesian Trench) proposed by

Kroenke and Walker (1986).

Two-dimensional gravity modeling of transects across

Pohnpei and Oahu were used to compare the sub-crustal

structure of these two volcanoes. The amount of

lithospheric flexure and the resulting degree of

compensation are 7% for under Pohnpei and 18% under Oahu,

which agrees with calculations made by Kellogg et ale

(1987) . A normal crust-mantle boundary for the transect

across Oahu could adequately model the gravity data without

resorting to more complex structures suggested by Watts et

ale (1985) and ten Brink and Brocher (1987).
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INTRODUCTION

The island of Pohnpei is one of three sub-aerial

volcanoes that comprise the Caroline Island group in the

western Equatorial Pacific (Figure 1). The or1g1n of this

group of islands remains uncertain. Keating et ale (1984)

suggested that the islands of Truk, Pohnpei and Kosrae were

created by hot-spot volcanism on the basis of paleomagnetic

data and radiometric age dating. They documented a

progressive decrease in age within the chain towards the

east from 12 Ma on Truk to 1.5 Ma on Kosrae. Dixon et ale

(1984) argued that the duration of volcanism on Pohnpei

(about 8 Ma) was not compatible with a simple hot-spot

hypothesis, and suggested that volcanism was related to the

presence of deep lithospheric fractures produced as a

result of the mechanical interaction between the Caroline

Plate and the Pacific Plate.

Several studies have used marine geoid anomalies

(Dixon et al., 1983; Watts and Ribe, 1984) and gravity

anomalies (Wedgeworth and Kellogg, 1987; Kellogg et al.,

1987) to determine long-wavelength mechanical properties of

the oceanic lithosphere underlying seamounts and oceanic

islands. Kellogg et ale (1987) computed the on-axis

vertical component of gravity for seamounts using cones and

frustrums of cones. They developed an algorithm for

determining the degree of compensation using the free air

anomaly and the size, shape and depth of the seamount.

They found that the compensation levels for seamounts were

inversely proportional to the square root of the seafloor

age at the time of loading in agreement with cooling plate

models. Several studies have used bathymetric and gravity

models of flexed lithosphere to determine the elastic

thickness. These studies have shown that the effective

elastic thickness of the flexed lithosphere depends on

crustal age at the time of loading, and to some extent on
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other processes which thin the lithosphere at the time of

volcanic activity. In general, islands and seamounts

formed at or near ridge crests have low geoid amplitudes in

comparison to islands formed far from the ridge (Watts and

Ribe, 1984).

Watts and Ribe (1984) suggested that there exists a

thermomechanical barrier to seamount volcanism on

lithosphere older than about 80 Ma, and yet the islands of

Pohnpei and Hawaii were formed on lithosphere of roughly

160 Ma and 90 Ma respectively (Epp, 1984). An estimate of

the amount of flexure and the degree of compensation for

the old oceanic lithosphere under Pohnpei will be a

valuable new end-member to the pre-existing data available.

This paper compares the variation in the gravity field

across the islands of Oahu and Pohnpei. Gravity

measurements were made on Pohnpei using a Worden gravimeter

as part of a reconnaisance mapping effort on the island.

The object of this survey was to locate the volcanic center

of the island and to delineate the volcano's rift systems.

The region around the island of Oahu has been studied with

seismic profiles and gravity (strange et al., 1968; Brocher

and ten Brink, 1987; Lindwall, 1988b). Transects across

each island were modeled to develop a two-dimensional

density structure of the volcanoes and the underlying

lithosphere. By assuming a similar density structure for

the lithosphere under Oahu and Pohnpei and by using a well

determined crustal model for Oahu, the depth to the

crust-mantle boundary beneath Pohnpei was deduced.

Gravity modeling of the island of Oahu also tests

whether the normal crust-mantle transition beneath the

Hawaiian ridge as proposed by Lindwall (1988b) is

consistent with gravity data. Watts et ale (1985) and ten

Brink and Brocher (1987) showed that a more complex

structure agreed with the gravity data but did not test the

simpler case. In addition, the degree of compensation
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under Pohnpei and Oahu determined from the 2-D

compared to values calculated using the

compensation algorithm developed by Kellogg et al.

DATA

model are

isostatic

(1987).

A total of 190 gravity measurements were made on the

island of Pohnpei with a Worden gravimeter during the month

of August 1988 (Figure 6). Two base stations were

established on the island in 1962 and 1986 by J.e. Rose

(personal communication, 1988). The first was located at

the USCE disc located across the street from the district

administration building and had a value of 978428.1 Mgal.

The second station was established at the new dock site at

Pohnpei harbor and had a value of 978397.5 Mgal. However,

the difference in gravity measured during this survey

between these two localities was '14.6 Mgal instead of the

30.6 Mgal difference in the cited values for the two base

stations. For the purpose of this survey the value of

978428.1 Mgal at the USCE disc was used as the base station

because of its central location and permanance.

The majority of gravity measurements were made along

or near the circum-island road since relatively good

elevations for these stations could be obtained from survey

maps. Elevations for sites measured during foot traverses

into the interior were taken from the u.s. Geological

Survey's 1:25000 topographic maps for the island of

Pohnpei. Station elevations lying along the circum-island

road are accurate to within 3 feet while elevation errors

of up to 40 feet are possible for some sites within the

island interior. Readings for drift control were taken at

the base station at the beginning and end of each day's

survey. Daily drift was normally less than 0.4 mgal per

day, based on days when several intermediate reoccupations

of the base station were made. The assumption of linear
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Figure 39. Distribution of shipboard gravity data used in

the contouring of the regional free-air gravity map. The

cluster of data points at 158°/7° and 163°/5°

correspond to land based measurements made in this study on

the islands of Pohnpei and Kosrae.
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drift over a daye s work introduced maximum errors on the
order of 0.2 mgal. No terrain corrections were carried out

which may introduce errors of up to 5 mgal for some sites

located in areas of rugged topography. The meter constant

for the gravimeter (0.11428 mgal per scale unit) was

determined by factory calibration in 1986.

A total of 32 gravity measurements were also made on

the island of Kosrae during a two day reconnaisance survey

in September 1988. A base station was established in front

of the Sandy Beach Hotel on the ocean side of the road.

Gravity values were referenced to measurements made at the

base station on Pohnpei roughly 10 hours earlier. The

majority of measurements were made along the side of the

road on the northern and central half of the island. No

measurements were made for the southern half of the island

which at the time was only accessible by boat.
A gravity map for the region surrounding Pohnpei from

153-164 degrees east longitude and 3-11 degrees north

latitude was compiled from all shipboard gravity data

available from the Geophysical Data Center (Figure 39,

Appendix 1). The map includes all data available up to

1986. If the crossing errors for a given cruise were

consistently different from other cruises, a constant was

added to the gravity values to correct for this error.

When crossing errors were either large or inconsistent then

the shiptrack data were considered bad and the data

disregarded.

The shiptrack free-air gravity data was contoured by

hand (Figure 40). Data from the Defence Mapping Agency for

the island of Pohnpei and surrounding atollswere included

in the bathymetric data. The bathymetric map for the

Northcentral Pacific by Mammerickx and Smith (1985)

apparantly contains data not available from the Geophysical

Data Center and was used as a guide for contouring areas

where little or no other shiptracks existed.
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Figure 40. Regional free-air gravity map for the area

around Pohnpei. Values in parenthesis are for reefs and

atolls in the area for which no land based measurements are

available. Values for these islands were estimated from

the observed gravity gradients in nearby shiptracks and

should thus be considered highly uncertain.
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Bowen et ale (1982) produced a series of free-air

anomaly maps for the Pacific region which included values

for the individual islands and atclls in the region around

Pohnpei. The actual gravity values for several of the

islands in the mapped area are uncertain since Bowen et ale

(1982) did not specify how they determined the free-air

gravity values for these islands. For instance, the

values of 200 and 250 mgals assigned to Pohnpei and Kosrae

by Bowen et ale (1982) are roughly 120 and 85 mgals lower

than values measured in this survey.

Shiptracks passed closely by the atolls of Oroluk,

Ngatik, Nukuoro, Mokil and pingelap. For these atolls, the

gravity high was estimated by extrapolating the observed

gradient in gravity to the center of the atoll. For the

atolls of Namoluk, Satawan and Ujelang where no nearby

shiptrack data exists, estimates for the gravity high were

made based on the relative size of the islands. The

extrapolated and estimated values assigned to the atolls

are in parenthesis on the map (Figure 34) and should be
regarded as highly uncertain.

GRAVITY MODELING

Models depicting the crustal structure and density

across Pohnpei and Oahu were constructed and the reSUlting

gravity anomalies calculated using a two-dimensional

gravity program (Talwani et al., 1959). The transects

chosen across the two islands are illustrated in Figure

41. For Pohnpei, the transect beg:i.ns at the western margin

of the island and continues across the island and offshore

to the east. There exist little gravity data offshore to

the west of Pohnpei and thus this portion was not

modelled. The line avoids the atolls of Ant and Pakin to

the west and closely parallels two shiptracks made by the

Kana Keoki in 1971 and 1977 directly eastward of Pohnpei.

1l.J4
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Figure 41. Transects modeled across the islands of Oahu and
Pohnpei.
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The gravity measurements for the two cruises agree closely

while four cruises which intersect these cruises shiptracks

have free-air gravity crossing errors of less than 10

mgals.

The free-air gravity anomaly contours on the island of

Pohnpei are roughly circular (Figure 6) and more

appropriately studied using a three dimensional model. For

instance, Rose and Bowman (1974) showed that the 2-D

approach over-corrects the gravity field by 18 percent over

the apex of a conical seamount with 100 slope. However,

the spatial density of available gravity data for the

region around Pohnpei (especially offshore) was not

sUfficient to warrant using a three dimensional model.

The transect across the island of Oahu is orthogonal

to the northwest rift zone of Koolau Volcano and crosses

the sUbmerged southwest portion of the rift zone of Waianae

Volcano while avoiding the caldera complexes of both

volcanoes (Figure 41). The eastern portion of the profile

crosses the voluminous debris wedge deposited by one or a

series of cataclysmic landslides that removed much of the

windward side of the Koolau volcanic edifice (Moore, 1964;

Moore et aI, 1989).

The crustal structure under the island of Oahu has

been determined from a series of seismic studies (Watts et

al., 1985; ten Brink and Brocher, 1987; Lindwall, 1988b).

The models presented in these three papers for the crustal

structure under Oahu are generally similar with regard to

the depths to the various seismic boundaries. The major

disagreement between these three studies is whether a

subcrustal intrusive complex exists under Oahu at the

Moho. The general profile determined by these studies is

the best available structural cross-section available for

any mid-plate seamount chain. The velocity-depth solutions

for the 10 seismic lines included in the profile were

generalized into five layers of progressive downwardly
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Figure 42. Two-dimensional gravity model across the island

of Oahu. Depths to the various crustal layers under the

center of the island are given in kilometers. Large

numbers are the densities (gm/cm3) assigned to each layer

in the model. In the upper diagram, the solid line is the

observed gravity, the circles are the calculated gravity

and the asterisks represent the difference between

calculated and observed values along the modeled transect.
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increasing p-wave velocities which correspond to clastic

sediments (Vp=3.5-4.2 km/sec), pillow lava, sheet flows
and consolidated clastics associated with the volcanic

edifice and the pre-existing crust (Vp=4.2-6.0 km/sec),

the sheeted dike complex and upper isotropic gabbro of the

pre-existing crust (Vp=6.0-7.0 km/sec), layered gabbros

and ultramafics of the Moho transition region of the

oceanic crust (Vp=6.8-8.0 km/sec) and finally upper

mantle material located below the Moho (Vp> 8.1 km/sec)

(LindwaII1988b).

Density values used in the model for the various

layers were chosen to agree within the range of previously

published results. Measurements made on a number of

basaltic flows collected from the island of Oahu range from

2.3 to 2.9 gm/cm3 while several olivine-rich basalts

collected from the island of Hawaii had higher densities

between 2.8 and 3.1 gm/cm3 (strange et al., 1968).

Constraints on the densities for the main oceanic crustal

layer and the mantle were chosen on the basis of the

density-velocity studies of Wollard (1975), Manghnani and

Wollard (1968), Christensen and salisbury (1975, 1982) and

Salisbury and Christensen (1978).

The shape and size of the rift zones and the landslide

debris were varied in order to best match calculated

free-air gravity values with observed values (Figures 42

and 43). A wedge of material of ~.40 gm/cm3 density was

used to represent the landslide debris to the east of

Oahu. The areas of 2.30 gm/cm3 density are related to a

mixture of mass wasted debris from the island chain and

deep-sea sediments\lhich were deposited on the ocean floor

prior to the voLca.io ' s development. In addition, a dense

wedge of material is needed to account for the large

observed gravity values over the rift zones on Oahu and

over the volcanic center of Pohnpei. Since the transect

across Pohnpei crosses the volcanic center of the island, a



of Pohnpei.

center of

numbers are

Figure 43. Two-dimensional gravity model across the island

Depths to the various crustal layers under the

the island are given in kilometers. Large

the densities (gmjcm3) assigned to each layer

in the model.
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2 km deep pipe (3.1 g/cm3) surrounded by a wedge of 2.9

g/cm3 density material was used in the model. This dense

plug corresponds to the intrusive center of the island

which is near the surface due to the deep erosional levels

exposed. The surrounding dense material represents the

high dike intensities found intruding the main shield lavas

in the immediate vicinity of the gravity high.

DISCUSSION

The island of Pohnpei was not produced by volcanism

concentrated along well developed rift zones as on Oahu but

was rather produced by a more radial arrangement of

intrusions similar to what is observed on the island of

Kauai (MacDonald et al., 1960). This is verified by the

radial orientation of the strikes of dikes measured on the

island (Figure 7), which tend to converge near the location

of the gravity high. The island of Kosrae, on the other

hand, apparantly had two pz-omi.nerrt; rift systems which

trended towards the north and the southwest, and a minor

rift system trending in a northeasterly direction near the

island of Lela. This is based on the measured orientation

of dikes on the island and the elongation of the gravity

contours on the island in these directions (Figure 44).

The existence of well developed rift systems is

actually somewhat unusual on oceanic islands and seamounts

in the Pacific. It has been proposed that the common

occurrence of well developed rift systems in the Hawaiian

Islands is related to the existence of certain special

conditions in these islands; namely the presence· of a

butressing volcanic edifice (Fiske and Jackson, 1972) and

the presence of a thick accumulation of sediments on the

basal ocean floor (Nakamura, 1980; Dieterich, 1988). The

Caroline Islands are sitting on older oceanic crust than

the islands of the Hawaiian chain and sit atop
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correspondingly thicker deposits of deep-water sedimentary
material at their base. The island of Pohnpei is flanked

by two atolls to the west (Ant and Pakin) whereas the

island of Kosrae is an isolated volcanic structure and yet

Kosrae has a well developed rift system while pohnpei does

not. Thus for these islands the presence of a buttressing

structure did not determine whether a rift system

developed. This suggests that the development of a rift

system may be controlled by some other external factor such

as the pre-existing fabric and tcpography of the seafloor

during island formation.

The island of Pohnpei is on the northern edge of a

vast region of anomalously shallow sea-floor which merges

into the Ontong Java Plateau to the south. Kroenke (1972)

suggested that this feature was produced by the eruption of

voluminous submarine flood basalts in pre-Tertiary times.

The seafloor becomes progressively deeper in travelling

from the Plateau toward Pohnpei which presumably reflects a

thinning in the cumulate thickness of these oceanic flood

basalts in this direction. The mean depth of Late

Jurassic oceanic crust in the northern Pacific is about

6000 meters which is consistent with the vertical thermal

contraction of aging oceanic li.thosphere (Parsons and

Sclater, 1977). The sea floor aro~nd Pohnpei is on average

~bout 4 kilometers deep (Figure 1). Drilling to the south

of Pohnpei on the Ontong Java Plateau went through roughly

1 Km of sediment before reaching volcanic basement (Kroenke

et al., 1990). If the sediment thickness is similar in the
area around Pohnpei, then an estimated 1 km thick section

of flood basalts was deposited in this area in the

Tertiary. The lack of gravity anomalies to the south of

Pohnpei suggests that the crust had reached isostatic

equilibrium with this wedge of volcanic material prior to

loading by Pohnpei's volcanic edifice. Thus some of the

thickness of the 2.60 gm/cm3 layer in Figure 43
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represents these earlier erupted flood basalts. Comparison
of the relative volumes and densities of the volcanic

edifice and this 1 kilometer thick layer of volcanics

suggests that roughly 10% of the observed compensation is

related to these pre-existing flood basalts.

In the gravity derived models, the base of the

volcanic edifice and the Moho under Pohnpei are shallower

than under Oahu (Figures 42 and 43). The lithosphere under
Pohnpei has been flexed by roughly 3 kilometers in response
to the load of the overlying volcano as compared to 5

kilometers under Oahu. These depths are much smaller than

the 9 kilometers of lithospheric flexure estimated by Zucca

et ale (1982) for the island of Hawaii. The large

difference in the amount of lithospheric flexure under

Pohnpei and in the Hawaiian chain is partly related to the

older oceanic lithosphere on which Pohnpei rests.

Wedgeworth (1985) and Kellogg et ale (1987) have shown that

the estimated compensation depth for seamounts or islands

is inversely proportional to the square root of the

seafloor age at the time of loading. This is because older
oceanic lithosphere is thicker and less likely to bend
under the load of a seamount.

The degree of compensation under Pohnpei and Oahu was
calculated by measuring the ratio of the mass deficiency

below the normal crust to the excess mass above the normal

crust from the two dimensional profiles determined in this
study. This results in values of 7% compensation for

Pohnpei and 18% compensation under Oahu. This is within
the limits determined by Kellogg et ale (1987) of 3+14
for Pohnpei and 13+9 for the island of Hawaii. The

general agreement of these values suggests that the

estimation algorithm utilized by Kellogg et ale (1987) is

successful in calculating the relative degrees of

compensation under islands on older oceanic lithosphere.



The gravity profile modeled for Oahu is consistent

with a normal crustal thickness as proposed by Lindwall

(1988b) based on modeling of multichannel seismic data.

Gravity modeling of structures which included the

sub-crustal plutonic complex described by Watts et al

(1985) and ten Brink and Brocher (1987) were somewhat less

successful at matching the observed gravity values.

However, the differences in the residual values of gravity

produced by the two models are too small to conclusively

state that one model is better than the other based on the

gravity modeling alone.
One noticeable feature of the profile across Oahu is

the large size of the intrusive body required offshore of

Waianae volcano (Figure 42). This is interesting since the

transect crosses far to the south of the volcanic center of

Waianae Volcano. This feature could just reflect the

submerged submarine portion of t~e southwest rift-zone of

the Waianae. Alternatively this feature could correspond

to a truncated submarine volcanic rift similar to, but less

topographically developed than the shallow area of Penguin

Bank located to the southwest of West Molokai (Malahoff and

Wollard, 1965; stearns, 1974).

The contoured free-air gravity data for around the

Caroline chain show some interesting features (Figure 40).

The chain of islands and atolls between Pohnpei and Kosrae

is surrrounded to the north and south by areas of negative

gravity anomalies. This is similar to the gravity lows

found in the topographic moat which flanks the Hawaiian

Ridge at a distance of roughly 100 kilometers. Around the

Hawaiian ridge, discrete areas with gravity anomalies

ranging from -40 to -140 milligals are superimposed on a

general moat with an average anomaly of -60 milligals

(Lindwall, 1988a). The gravity lows around the youngest

part of the Caroline chain are centered on average 30 to 70

nautical miles from the axis of the chain and range in
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Figure 45. Location of the proposed Micronesian Trench

within the study area. The existence of this trench was

largely inferred from the distribution of reported and

unreported earthquakes in this area. A continuous band of

low gravity values which should parallel this subduction

feature is not apparent in the data.



magnitude from 0 to -60 milligals, with a typical value of

around -20 milligals. There is no bathymetric expression

of the moat around th~ Caroline chain as is observed in the

Hawaiian chain. This may be related to the chain being

situated on a northeast dipping slope which facilitates the

deposition of material on and around the base of the

volcanic edifices. The presence of such a large gravity

moat is somewhat suprising given the relatively small

volumes of the volcanoes in the Caroline chain and the

older age of the oceanic crust in this area.

Kroenke and Walker (1986) proposed that an incipient

subduction zone runs from a complex triple junction at the

concurrence of the Yap and Mariana trenches in the west to

the Tonga Trench in the east. The main lines of evidence

cited for the existence of the trench are the occurrence

and location of earthquake epicenters in this region that

was previously thought to be relatively aseismic and the

presence of low-amplitude seafloor structures (Kroenke and

Walker, 1986). The proposed trench runs just to the north

of Pohnpei and Kosrae and thus one might expect to be able

to see evidence for it in the bathymetry or the free-air

gravity in this region (Figure 45). The low gravity values

observed to the north of Kosrae and Pingelap could possibly

be related to this feature. However, there is little

evidence for its existence farther to the west since no

continuous band of gravity lows is observed along strike of

the inferred trench as is observed in other trench

systems. In addition, there is little clear bathymetric

evidence for the existence of the trench. Kroenke and

Walker (1986) attribute this to the juvenile stage of

development of the subduction complex. However, they might

argue that the existing data are not accurate enough to

pick up the subtle gravity and bathymetric features

associated with this incipient feature.
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CONCLUSIONS

The gravity field on the island of Pohnpei is roughly

. circular about a gravity high located near the town of

Kolonia. This is consistent with the radial strike of

dikes measured in outcrops from around the island. The

island of Kosrae has a well developed rift system despite

being an isolated volcanic structure. Whether or not a

volcano develops a rift zone is apparently governed by some

as yet unidentified factor.

Two-dimensional gravity modeling of the land and

shipboard gravity data suggests that the depth to the Moho

is 1.6 kilometers less under Pohnpei than under the island
of Oahu. This is manifested by the smaller degree of

compensation observed under Pohnpei (7%) in comparison to

under Oahu (18%).

The gravity transect across Oahu is consistent with

the presence of a normal crust-mantle boundary under the

Hawaiian ridge. A sub-crustal plutonic complex proposed by

some researchers (Watts et al. (1985); Ten Brink and

Brocher (1987» is not required to model the gravity field

of Oahu. This is similar to the earlier findings of

Lindwall (1988b) based on modeling of the seismic data

using ray tracing and reflectivity synthetics.
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CHAPTER 4

GEOCHEMISTRY OF LAVAS FROM THE ISLAND OF POHNPEI

ABSTRACT

Chemical and isotopic data (Nd,Pb,Sr) are presented for

lavas from the three major volcanic series delineated by

reconnaissance geologic mapping of the island of Pohnpei.

Dike and lava samples from the shield building stage of

activity range in composition from picrite basalt to alkali

olivine basalt and are typically hypersthene-normative.

These lavas have lower abundances of highly incompatible

elements and, overall, lower ratios of highly incompatible to

moderately incompatible elements than the lavas of the later

post-shield-building Awak and Kupwuriso volcanic stages.

Lavas of the Awak volcanic series unconformably overlie

the shield-building lavas and range in composition from

basanite to trachyte. Hawaiite is the most common rock type

in this volcanic series. Most of the variation in maj or

element abundance observed within the series can be explained

adequately by fractional crystallization of the observed

phenocryst assemblages. The variation in some trace element

abundances and inter-element ratios, however, requires either

a chemically heterogenous source or variable degrees of

melting from a source containing a phase that can incorporate

large amounts of some normally incompatible elements.

The Kupwuriso volcanic series lavas constitute the most

recent eruptive products on the island. Lavas of this series

are all nepheline normative and range in composition from

nephelinite to basanite. Chemical trends within this series

are largely controlled by variations in the degree of partial

melting. The range in highly incompatible element abundances

(Nb, K, P) within the series suggests that the degree of

partial melting varied by roughly a factor of 2.5 during

generation of these lavas. Trace element behavior within
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both the Awak and Kupwuriso volcanic series appears to be

controlled by the presence of an incompatible-element-rich

phase(s) within the source which is not exhausted during the

melting process.

The most magnesian members of both the Awak and

Kupwuriso volcanic series have relatively high I.REE/HREE

ratios which can be generated by relatively low degrees of

partial melting (7% and 5%) of a garnet bearing, LREE

enriched source similar in composition to the calculated

source for the Honolulu Volcanic Series (Clague and Frey,

1982). Higher degrees of partial melting (11-13%) of the

same LREE-enriched source can generate the shield building

REE patterns if all garnet within the source is exhausted

during melting.

Isotopic data for Pohnpei fall within the modern-day

oceanic island or hotspot field. The Kupwuriso and Awak

volcanic series are characterized by distinct trends in Pb

isotopes, which argues against these series originating from

an isotopically homogeneous source. Comparison of the

Pohnpei data with isotopic data for lavas collected from the

Ontong Java Plateau to the south (Mahoney and Spencer, 1990)

suggests that little or no mixing oocurred between Pohnpei

lavas and the extensive plateau crust.

INTRODUCTION

Pohnpei is a member of the eastern Caroline Islands,

which comprise a diffuse chain of coralline atolls and eroded

subaerial volcanic islands in the western Pacific Ocean. The

island is the eroded remnant of a large shield volcano

(-2.2X104 km3 ) which is flanked to the west by two coralline

atolls (Pakin and Ant). The three subaerial volcanic islands

in the Caroline group become geomorphologically younger to

the east. Truk has reached a near-atoll stage of development,

with topographic high points of the original volcano today
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exposed only as isolated islets enclosed within a surrounding

barrier reef. Pohnpei has attained an intermediate stage of

atoll development by virtue of the central island being

almost completely surrounded by a barrier reef. The youngest

island of Kosrae is surrounded by a narrow fringing reef. K

Ar age dating of lavas from these three volcanoes (Keating et

al., 1984; Dixon et al., 1984) has verified the progressive

decrease in mean age toward the east (Truk 4.0-14.8 Ma;

Pohnpei 1. 0-8 • 6 Ma; Kosrae 1.2-2 . 6 Ma). On the basis of

these age data and paleomagnetic results, Keating et al.

(1984) suggested that the Caroline Islands were formed by

volcanic activity associated with a hot spot. Dixon et al.

(1984), however, argued that the age data are not consistent

with a simple hot spot model owing to the overlap in K-Ar

ages for these widely spaced volcanoes and the extended

duration of volcanism (-8 Ma) on Pohnpei. They proposed that

volcanism along the chain was related to the interaction

between the Caroline Plate and the Pacific Plate beginning in

early Miocene times and continuing to the present.

Tayama (1936) and Iwao (1941) were the first to describe

the occurrence of igneous rock on Pohnpei as parts of

regional surveys of South Pacific islands. Yagi (1960)

discussed the major element chemistry of 12 rocks collected

by Tayama (1936), while Ishikawa and Yagi (1969) presented

limited trace element data on these same samples. Hedge

(1978) analyzed two Pohnpei lavas for Rb, Sr and 87Sr/86Sr;

More recently, isotopic compositions (Pb,Nd,Sr) for three

Pohnpei lavas were measured by Hart (1988), but neither the

sample locations nor their bulk chemical compositions were

reported.

Mattey (1982) presented major and trace element data for

lavas collected from Pohnpei, Truk and Kosrae. On Pohnpei,

the majority of samples apparently were collected from the

northern half of the island near the coast. The analyzed

samples from Pohnpei (30 total) were subdivided into three
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distinct chemical series; the Ponape Main Lava Series

(PMLS), the Ponape Transitional Lava Series (PTLS) and the

Ponape Basanite Series (PBS). Mattey associated the PMLS

lavas with the shield-building stage of the volcano and

considered the PBS lavas to be related to a post-erosional

stage of volcanism. The transitional lava series (PTLS) was

interpreted to have been created by slightly different

degrees of partial melting of the PMLS source. The post

erosional PBS lavas were interpreted to be derived from a

different mantle source which was relatively enriched in

incompatible elements.

Dixon et al. (1984) collected 11 samples from a number

of locations on Pohnpei and reported major and trace element

data for these lavas. In addition, K-Ar ages were determined

for five samples, and four were analyzed for Sr and Nd

isotopic ratios. These authors concluded that their suite of

rocks could not be related by shallow, closed-system

fractional crystallization as proposed by Mattey (1982) for

his main lava series (PMLS). They suggested that their suite

of lavas was produced by mUlti-stage (polybaric) fractional

crystallization and that the chemistry of the lavas was

controlled by variable amounts of an incompatible-element

rich phase in the mantle source.

This chapter describes the results of chemical and

isotopic analysis of a comparatively extensive suite of

samples collected from the three volcanic series delineated

on Pohnpei by reconnaissance geologic mapping. The advantage

of this study over other recent geochemical studies (Mattey,

1982; Dixon et al., 1984) is that observed changes in lava

composition and isotopic ratios can be associated clearly

with stages in the island's volcanic development.

Additionally, if the Caroline Island Group was indeed

produced by hot spot activity (Keating et al., 1984), then it

represents the only subaerial hotspot chain in the Northern

Pacific besides the well-documented Hawaiian chain. Thus
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isotopic and chemical compositions measured for volcanoes

within this island group are valuable in further

characterizing non-MORB mantle sources under this expansive

part of the Pacific.

GEOLOGIC SETTING

The geology of the Caroline Island group has received

little attention in the past. The only previous geologic

work on Pohnpei was a reconnaissance geologic survey of

Pohnpei conducted by Tayama (1936), who described the various

rock types found at different local i ties from around the

perimeter of the island. In this study, the general geology

of the island was mapped during five months of field work.

Geologic mapping on Pohnpei is hindered by the dense

vegetation found throughout the island, as well as by the

intense tropical weathering which has often completely

altered the older shield-building lavas to clay. As a

result, much of the geologic information for the island is

obtained from outcrops exposed in stream valleys, cliffs and

by construction of the new circum-island road. The majority

of rock samples analyzed in this study were collected from

these types of exposures.

Field-mapping led to the sub-division of volcanism into

three stages of activity. Throughout much of the island, the

shield-building lavas are covered by flows from the later

volcanic stages. In the northern half of the island, the

shield lavas are intruded by numerous dikes which are

typically less altered than the shield building lavas

themselves. Individual flow units are typically 1.5 to 3.0

meters thick and typically contain highly weathered rubble

zones above and below a dense, more resistant interior (aa

morphology) • The two oldest K-Ar age dates reported for

Pohnpei (8.5 and 8.7 Mai Keating et al., 1984; Dixon et al.,

1984) were obtained on rocks collected near areas mapped as
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172



shield-building stage in this study.

The Awak volcanics unconformably overlie the shield

building volcanics. Individual flow units tend to be thicker

(2.5-10.0 meters) and more massive than the shield building

flows. Sedimentary deposits are often found between

individual flow units, suggesting that eruptive activity

during this stage was sporadic. This is further suggested by

the apparently long duration of this volcanic stage, with K

Ar dates ranging from 3.1-7.1 Ma (Keating et al., 1984; Dixon

et al., 1984).

The final stage of volcanism on Pohnpei (Kupwuriso

volcanic series) was characterized by high-volume eruptions

of lava which contained abundant entrained xenoliths.

Individual flow units are often quite thick (up to 40 meters)

owing to ponding of the low viscosity nephelinite and

basanite flows of this stage within stream valleys and other

pre-existing depressions. K-Ar age dating of Kupwuriso flows

yields ages ranging from 1.0-2.1 Ma (Keating et al., 1984:

Dixon et al., 1984). Additional dating of morphologically

younger volcanic vents, such as the tuff cone which forms

Temwen Island, would probably extend this range to younger

ages.

A geologic map of the island is shown in Figure 4.

Because the exact location of the contact between the Awak

and Kupwuriso volcanic stages is only known at a handful of

locations throughout the island, the two units have been

combined on the geologic map as a single, late-stage volcanic

unit.

Samples were collected in an attempt to represent the

entire stratigraphic range exposed on the island. Because of

the heavily weathered character of many of the shield lavas,

many of the samples representing this stage come from dikes

which are found intruding these lavas. The majority of dikes

exposed in the dike swarms found in the northern end of the

island are believed to be associated with the shield-building
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Table 6. Inter-laboratory comparison of major and trace

element data for analyses from Washington state University

and the University of Hawaii.
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Table 6

COMPARISON OF XRF ANALYSIS FROM UNIVERSITY OF HAWAII AND UNIVERSITY OF WASHINGTON

SAMPLE # 111 111 164 164 217 217 224 224
XRF LAB WASH HAWAII WASH HAWAII WASH HAWAII WASH HAWAII

Si02 45.21 43.75 51.74 52.01 45.21 44.28 48.77 48.91
A1203 10.5 11.57 18.44 18.61 11.11 11.55 14.41 14.72
Ti02 3.29 3.31 1.83 1.85 3.6 3.59 3.74 3.67
FeO 11.91 12.11 6.76 6.71 12.16 12.44 12.39 12.63
MnO 0.18 0.17 0.26 0.25 0.18 0.17 0.19 0.18
CaO 11.21 11.2 6.8 6.82 10.75 10.65 9.09 9.16
MgO 13.81 13.6 1.88 1.99 11.94 11.61 4.74 4.98
K20 1. 33 1. 33 2.67 2.68 1.42 1.42 1.24 1.17

~ Na20 2.67 2.56 7.07 6.94 2.67 2.54 3.28 3.77
-o P205 0.62 0.65 0.53 0.54 0.46 0.42 0.61 0.61I..n.

LOI NO 0.06 NO 2.2 NO 0.38 NO 2.38

TOTAL 100.73 100.25 97.98 98.4 99.5 98.67 98.46 99.8

Rb 33 34 63 65 38 40 32 27
Sr 684 706 2265 2337 577 611 465 471
Zr 211 222 849 980 209 224 299 330
Y 28 26 65 65 25 24 44 41
Nb 66 56 232 211 56 50 40 34



stage of activity. However, some dikes analyzed have

chemical affinities more similar to the later two volcanic

stages and probably belong with them. Sample localities are

illustrated in Figure 46.

ANALYTICAL METHODS

Rocks chosen for analysis were first broken into small

chips from which the freshest material was hand-picked.

Selected rock chips were then crushed to a fine powder in an

alumina shatterbox for XRF (X-ray fluorescence) analysis.

Material analyzed for isotopic composition was powdered

separately using an agate grinding device.

Major and trace element compositions were determined for

sixty samples from Pohnpei by XRF spectrometry at the

University of Hawaii (40 samples) and at Washington Stage

University (24 samples). A Rh anode X-ray tube was used to

determine major and trace elements. Replicate analyses were

run on separate pellets for samples analyzed at the

University of Hawaii. Because of financial limitations, only

a subset of trace elements (Rb, Sr, Zr, Y, Nb) was determined

for most samples run at the University of Hawaii.

Instrumental drift was minimized by reanalyzing the same

standard repeatedly after every n:= nth sample. Based on

replicate analyses of standards BCR-l and ARCHO-l at the

University of Hawaii, the precision for the major elements is

estimated to be better than 1% for SiOz1 TiOz' FeO, 2% for

CaO, MgO, KzO, 5% for Alz0 3 and 15% for Nazo and PzOs' The

reported precision of trace element data from standardp BCR

1, BHVO and WI is better than 1% for Sr, Zr, Rb and 2% for Nb

and Y. Uncertainties in the Pb abundances determined by

isotope dilution are better than 1% while values for Sm and

Nd are better than 0.2%.

Four samples were run at both labs in order to compare

the two data sets (Table 6). The amount of volatiles lost

176



130 I

120 ~
I
I

110 -i •I
100 ]

90 ,
.~- I ill<E 80 ...

0- j *0- 70 ...- I.0
Z 60 -:

I

50 PBS

40

30

20

10
500 550 600 650 700100 150 200 250 300 350 400 450

Zr (ppm)

* Kup-W + Kup·H • Awak-W

0 Awak·H X Main-W At.. Main-H

Figure 47. Nb versus Zr variation diagram showing analyses

from both the University of Hawaii and the University of

Washington. Analyses of the same sample from the two
laboratories are connected by a heavy line.

177



during oxidation of the sample (LOI) was not determined on

samples analyzed in the Washington lab. Thus in order to

compare the two data sets directly, the analyses from the

Hawaii lab were not corrected for LOI. The maj or element

data from both labs agree within the estimated precision of

the UH XRF for most elements with only Al displaying a

consistent bias between data sets. The trace element data

shows a consistent bias in three of five elements analyzed.

Measured Sr and Zr abundances are consistently higher in the

Hawaii data set while Nb abundances are consistently lower

with a maximum difference of about 10% between data sets.

These inter-laboratory differences are responsible for some,

but not all, of the scatter observed within the data set for

each volcanic series. Figure 47 plots the Zr and Nb data

from both laboratories to illustrate the effect this

analytical bias has on the observed variation trends.

Analyses of the same sample from the two laboratories are

connected by a solid line in the diagram. As can be seen in

this diagram, the interpretation of the existence of distinct

geochemical fields is not greatly affected by these inter

laboratory differences.

Isotopic analyses were performed at the University of

Hawaii using a VG mass spectrometer. Chemical separation and

mass spectrometric procedures used were the same as those

described by Mahoney et al (1990). The total ranges for NBS

987 is =.000022 and for LaJolla Nd :.000012. Pb isotopic

ratios for the NBS 981 standard were';;. 008 for 206Pb/204Pb, !. 008

for 207Pb/204Pb and ~. 03 for 208Pb/204Pb. Eleven samples were

chosen for analysis to represent the three volcanic series.

All were analyzed for Sr and Nd isotopic ratios; a subset of

seven were analyzed for Pb isotopes. Unfortunately, only one

shield-building stage sample was analyzed for isotopes.

All chemical and isotopic data are compiled in Appendix

4. Isotopic ratios are listed as present-day values in

Appendix 4 owing to the young age of the rocks analyzed « 9

-----------_.... ---



Ma). For samples analyzed by XRF at both the University of

Hawaii and at Washington state University, the data from the

Washington lab are reported in the table because of the

greater number of trace elements analyzed.

ALTERATION

Some of the rocks analyzed showed evidence of low

temperature alteration in hand-sample, which potentially

could have affected the chemical and isotopic composition.

In general, samples from the Awak and Kupwuriso volcanic

stages are much fresher than dike and lava samples collected

from the main shield building stag·:. The relatively high

volatile loss on ignition (LOI) values (0.06-4.95%) measured

after oxidation of some of the powdered samples are

sUbstantially greater than values typically associated with

fresh volcanic rock. However, petrographic study of several

samples with high LOI values did not reveal extensive

secondary mineralization in thin section. Dixon et a l ,

( 1984) observed that despite the high Hp contents measured in

some pohnpei samples, neither the oxygen isotopic

compositions nor the Fe20~FeO ratios of the lavas deviated

greatly from values associated with unaltered oceanic alkali

basalts suggesting that their samples had not exchanged

oxygen appreciably with meteoric water or seawater.

Of the samples collected in this study, the shield

building samples were the most likely to have been affected

by post-melting processes. In particular, abundances of some

highly mobile element such as K and Rb exhibit relatively

large amounts of scatter within this series. Samples from

the Kupwuriso and Awak series are generally much less altered

and have lower LOI values than the shield building lavas.

Element abundances within these series are not expected to

have been affected greatly by weathering or hydrothermal

alteration processes.
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Figure 48.

and ratios

Pohnpei.

variation in incompatible element abundances

as a function of stratigraphic height on
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MAG~TIC SERIES

Mattey (1982) identified three magmatic series on

Pohnpei (PMLS, PTLS, PBS) based on the chemistry of 30

samples collE:cted from the island. Dixon et ale (1984),

however, pointed out that the least fractionated members in

each of Mattey' s series are similar. Thus, they chose not to

divide their suite of eleven samples into different magmatic

series. In both studies, however, the identification of

magmatic series was solely based on geochemical properties

due to the unknown relative stratigraphic position of the

samples analyzed. Samples were collected in this study to

represent the complete stratigraphic range of the three

volcanic series identified by geologic mapping. using this

approach, observed geochemical differences can be

definitively associated with the different volcanic stages in

the island's development.

Two stratigraphically controlled suites of samples were

collected to investigate the temporal variation in chemistry

on the island. The first suite was collected from the base

of Awak valley up to Kupwuriso Peak (Figure 46). The second

suite was collected from rock chips recovered during drilling

of a 400 foot-deep well west of the town of Kolonia near

Nanpohlmal. The samples analyzed span the entire Awak and

Kupwuriso sections exposed at these two localities, as well

as the top of the shield-building section. In Figure 48, the

observed variation in Nb, Sr, and Zr/Nb ratio as a function

of elevation are summarized for each section with the

approximate boundaries between the volcanic stages indicated

by vertical lines. The transition from Awak to shield

building lavas within the well-hole was identified by the

appearance of abundant secondary mineralization (pyrite,

chlorite and epidote) indicative of the shield lavas. This

abundant alteration is a result of the well's close proximity

to the original volcanic center of the island. The Awak-
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Kupwuriso boundary was identified by a slight contrast in

weathering between the somewhat weathered Awak lavas (with

minor amounts of zeolite) and the vezy fresh overlying

Kupwuriso volcanics. It is apparent from Figure 48 that the

shield-building lavas are characterized by lower abundances

of incompatible elements (Nb and Sr) and higher moderately

incompatible to highly incompatible element ratios (e.g.

Zr/Nb) than the two later volcanic stages.

In Mattey's (1982) paper, the variation in Nb versus Zr

was found to be particularly useful for delineating the three

chemical series identified on Pohnpei. A similar plot of

data collected in this study also yields three, distinct

geochemical fields although the strongly linear trends

observed in Mattey' s PMLS and PBS magmatic series are not

seen in the data from this study (Figure 47). This

divergence and greater scatter in the data is observed in

analyses from both the University of Hawaii and the

University of Washington and thus is not simply a product of

inter-laboratory bias. Mattey's PTLS data plot within the

field defined by my shield-building lava and dike samples

while his PMLS suite generally plot within the field

described by the post-shield building Awak volcanic series.

Data for the Kupwuriso volcanic series and Mattey' s PBS

series have different trends on tbe diagram but are both

characterized by higher Nb abundances at a given Zr content.

Thus, the PTLS series, of which only four samples were

collected in Mattey's (1982) study, is actually

representative of the shield-building stage on the island.

This under-representation of the shield-buiJ.ding stage is

understandable because the shield-building lavas are largely

covered by later stage volcanism around much of the island.

Mattey (1982) and Keating et ale (1984) suggested that

the shield building lavas within the Caroline Islands (Truk,

Pohnpei, Kosrae) are similar to typical Hawaiian alkalic

basalts. The PMLS series identified by Mattey (1982) is
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indeed chemically similar to lavas erupted during the alkalic

capping stage on Hawaiian volcanoes. However, field mapping

has shown that this PMLS magmatic series actually corresponds

to the post-shield building Awak Volcanic Series. The

shield-building lavas and dikes on Pohnpei were more similar

chemically to the slightly alkalic lavas erupted late in the

shield-building stages of some Hawaiian volcanoes (i. e. ,

Kohala, Waianae, East Molokai, West Mauii Macdonald et al.,

1970). This is illustrated in Figure 49 where the

compositional fields observed on Kohala Volcano, Hawaii

(Spengler, 1986) are superimposed on the Pohnpei data on a

silica versus total alkali diagram. The field labeled Upper

Pololu corresponds to samples collected from the upper 100

meters of the shield building section from Kohala which are

distinctly more alkalic than the lavas of the main shield

building stage of activity (the Lower Pololu field). The

Hawi field corresponds to the alkalic-capping stage on

Kohala. The maj ority of Pohnpei shield-building compositions

either overlap or plot along linear extensions of the Upper

Pololu field. Lavas of the Awak series on Pohnpei mostly

plot within or along extensions of tl'>e Hawi field. Volcanism

during the last phase of activity on Pohnpei (Kupwuriso

Series) was dominated by nephelinites and basanites

compositionally similar to the post-erosional volcanic

products on Hawaiian volcanoes. As a reSUlt, much of the

Kupwuriso data plots within the compositional field

delineated by the Honolulu Volcanic Series (Clague, 1987).

Thus, the general chemical evolution on Pohnpei was

apparently quite similar to that observed within many

Hawaiian volcanoes with the exception that the shield

building stage was dominated by alkali olivine basalt rather

than tholeiitic basalt.
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Figure 51. Nd, Sr and Pb isotopic variation as a function

of 206/204 Pb.
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ISOTOPIC COMPOSITION

Measured isotopic ratios in pohnpai lavas vary over a

narrow range in 87s r/86sr (0.7031-0.7034), 143Nd/144Nd (0.51294

0.51299), 206Pb/204Pb (18.41-18.83), 207Pb/204Pb (15.51-15.54) and

208Pb/204Pb (38.15-38.62). Figure 50 illustrates the 143Nd/144Nd

vs. 87s r / 86s r variation observed among Pohnpei lavas, including

three values reported by Hart (1988). Data from the three

volcanic series on Pohnpei have overlapping Sr and Nd

isotopic ratios with the overall trend of the data

paralleling the oceanic mantle array. The ranges in

isotopic ratios for samples within the Awak and Kupwuriso

volcanic stages are greater than analytical uncertainty,

although the absolute variation is nonetheless small.

Figure 51 shows the variation in sr, Nd and other Pb

isotopic ratios versus 206Pb/204Pb. The Awak stage results plot

on a single linear trend on the Sr vs. Nd diagram (Figure 50)

and have nearly identical Pb compositions. The Kupwuriso

isotope data do not plot along a single linear array and the

Pb data trend in a different direction than the Awak data,

although again the absolute difference in values is small.

An overall positive correlation is observed between the Sm/Nd

ratios of the Kupwuriso and Awak lavas and their 143Nd/144Nd

ratios (Figure 52). No obvious correlation is observed,

however, between the Rb/Sr ratio and the 87Sr/86S r ratio in

these lavas. The single sample of the shield-building stage

analyzed has a somewhat higher 206Pb/204Pb and 208Pb/204Pb ratio

than the other volcanic series. Isotopic analyses of

additional shield-building samples is necessary to see if

these higher Pb ratios actually are characteristic of the

shield lavas on Pohnpei. The samples analyzed by Hart (1988)

most likely belong to either the Kupwuriso or Awak volcanic

stages, simply owing to the difficulty in collecting fresh

main shield lava or dike material on Pohnpei.
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Figure 52. Observed variation

143Nd/144Nd and Rb/Sr and 87Sr/86Sr.
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Figure 53. Pohnpei isotopic data plotted with respect to

the four isotopic end-members found in oceanic basalts.
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In Figure 53, the Pohnpei data is plotted in relation to

the four principal, idealized end-member components

postulated to comprise oceanic basalt mantle sources (e.g.

Hart, 1988). Isotopic analyses for two lavas from the island

of Truk and four samples from the Ontong Java Plateau

(Mahoney and Spencer, 1990) are included in the diagram. The

Ontong Java Plateau is a huge, shallow bathymetric feature

centered some 500 kilometers to the south of Pohnpei, which

is thought to have been formed by the eruption of voluminous

submarine flood basalts during the Cretaceous. seismic

measurements suggest that the crust reaches a thickness of up

to 40 kilometers under portions of the plateau (Hussong et

al., 1979). The Ontong Java Plateau data were included in

Figure 53 to test for evidence of contamination of the

Pohnpei lavas by plateau crust during their ascent through

this massive volcanic pile. The Ontong Java Plateau data

suggest involvement of a relatively low 143Nd/144Nd, low

206Pb/204Pb, high 87s r / 86s r mantle source (Mahoney and Spencer,

1990) which is not seen in the Pohnpei data. In particular,

the plateau Pb isotopic data point to an EM-lor Kerguelen

type component in the mantle source area. Three of the four

Ontong Java samples, all from the southwest part of the

plateau, have similar isotopic ratios. The single Ontong

Java sample that plots close to the Pohnpei data set is from

DSDP site 289, near the center of the plateau, some 500

kilometers to the south of Pohnpei. Additional isotopic data

collected on samples from more recent DSDP sites located

closer to pohnpei verify the general trend defined by the

original four data points (J.J. Mahoney, Personal

communication). Significant contamination of Pohnpei magma

by plateau crust appears to be precluded by the different

trends o~ the two data sets; especially evident in the Pb vs.

Sr and Pb vs. No isotopic diagrams (Figure 51). Thus the

limited isotopic v::!.riability observed on Pohnpei is most

likely a reflection of isotopic heterogeneity within the



Figure 54. Isotopic field for Pohnpei lavas relative to

isotopic data from the Hawaiian Islands.
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source regions for the three series.

It is instructive to compare the Pohnpei data with

isotopic data from the various islands in the Hawaiian chain

(Figure 54). In general, the pohnpei lavas are less

radiogenic in 87s r/86s r and somewhat more radiogenic in

206Pb/ 204Pb than the overall Hawaiian field and plot closer to

the field defined by Pacific MORB. There is no evidence of

an enriched source within the Pohnpei data similar to that

found within the Samoa, Tahiti, Marquesas and Cook/Austral

island chains in the South Pacific. Thus the DUPAL anomaly

originally identified by Hart (1984) does indeed appear to be

largely confined to the South Pacific mantle.

CHEMICAL RELATIONSHIPS WITHIN INDIVIDUAL VOLCANIC SERIES

A wide range of compositions are found in the lavas

erupted on Pohnpei, here illustrated using the chemical

classification scheme of Irvine and Baragar (1971) (Figure

55). The shield-building lavas on Pohnpei range in

composition from picrite basalt to alkali olivine basalt with

most samples being hypersthene normative. Olivine is the

predominant mineral phase, with lesser amounts of

clinopyroxene and plagioclase present in the more evolved

lavas in the series. The four samples which plot within the

picrite basalt field contain between 12 to 25 modal percent

olivine. The Awak volcanic series ranges in composition from

basanite to trachyte, with hawaiite being the most common

rock type present among the analyzed samples. The mineralogy

present within these lavas varies as a function of

differentiation within the series. Basanites erupted during

this stage typically bear olivine phenocrysts with

subordinate amounts of clinopyroxene. Ankaramites containing

abundant modal amounts of both phases (15-30%) are found

within this series and were a common building stone used in

the construction of the archaeological site at Nan Madol.
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Figure 56. Major element MgO variation diagrams.
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The more evolved hawaiites and mugearites are relatively

aphyric with minor amounts of olivine, clinopyroxene and

magnetite present in the groundmass. The even more

differentiated mugearite and trachyte samples contain

magnetite and plagioclase phenocrysts. Samples from the

Kupwuriso volcanic series range in composition from

nephelinite to basanite. These lavas commonly contain

phenocrysts of olivine with subordinate amounts of

titanaugite microphenocrysts present in the groundmass.

Variation diagrams of major element data are shown in

Figure 56. The Kupwuriso volcanic series and four olivine

phyric shield-building lavas have compositions lying at the

high MgO end of the diagram. Within the Kupwuriso data set,

two distinct chemical SUb-groups are apparent: One group

being characterized by low TiOz and Kz0 contents and high Alz03

contents at a given MgO content while the other group has

higher TiOz and KzO contents and lower Alz03 contents at a

given MgO content. The abundances of PzOs and CaO decrease

with decreasing MgO content within the series. These trends

can not be produced by fractionation of the dominant mineral

phases (olivine and lesser amounts of clinopyroxene) observed

in these lavas.

The Awak data form broadly linear trends consistent with

fractional crystallization, although there is substantial

scatter within the data. The PzOs data are, in particular,

quite scattered, with four samples having much higher PzOs

contents at a given MgO content than the other samples in the

group. Apatite is observed within the groundmass of these

lavas but not as a cumulus phase and thus could not have

produced these different trends. The effect of apatite

fractionation is observed, however, in the mugearite and

trachyte samples (MgO<3.5%), where phosphorous decreases to

very low concentrations. Fractionation of a Ti-bearing phase

(Ti-rich clinopyroxene and minor magnetite) is suggested by

the steadily decreasing TiOz concentration in the more
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Figure 57. Trace element variation plotted as a function of

Zr abundance.
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differentiated members within the series.

The non-porphyritic shield-building samples vary little

in MgO content (5-7%) yet have a relatively wide range in KzO

abundance. Some of this variability is probably due to

mobilization of KzO during weathering and hydrothermal

alteration. Low potassium abundances at a given MgO content

are most commonly observed in shield-building samples

collected near the original volcanic center of the island

where the intensity of these secondary processes was

apparently the greatest. Less mobile incompatible elements

such as phosphorous vary much less within this series. The

variation in TiOz and CaO is controlled by fractionation of

Ti-rich clinopyroxene. The four shield-building lavas with

high MgO contents (12-18%) contain much higher modal amounts

of olivine (12%-35%) than the other samples from this stage

(typically 1%-3%). As a result, the trends observed within

these high MgO lavas are largely consistent with olivine

control.

The variation in the abundance of various incompatible

elements is presented in Figure 57 where data are plotted

versus Zr. Note that the more differentiated members of the

Awak stage are not plotted in these diagrams. The apparent

compatibility of Zr within the Kupwuriso source is suggested

by the small range in Zr abundance throughout this series

compared to the variation observed in other incompatible

element abundances. As a result, element ratios such as

Zr/PzOs within the late-stage Kupwuriso lavas are distinctly

lower than values for either the shield-building or Awak

lavas. Clague has shown that Hawaiian post-erosional lavas

also typically have lower Zr/Pzos ratios than the alkalic

capping stage lavas (Figure 58). From this and other

observed differences in elemental ~atios, he postulated that

the post-erosional lavas were derived from a source more

depleted than the alkalic capping stage source. On Pohnpei,

the difference in this ratio appears to be controlled by

204



450

+

400

+

350

+

+

"-HAWAIIAN ALKALIC SERIES

250 300

Zr (ppm)
200150100

HONOLULU VOLCANIC SERIES

\.
1.51

I
1. 3-j

~ ,.,j
?fl. :! 0.91

~ :::~
I

0.3 ]'

0.1 -~::::::;::::=---,------r---.....,-----r-----r---""-----:~---:;500
50

I 0 KUPWURISO + AWAK

Figure 58. Zr

and Kupwuriso

these elements
post-erosional

volcanoes.

versus P205 diagram for lavas from the Awak

series. A similar distinct difference in
abundances is observed between the

and alkalic-capping stages on Hawaiian

205



differences in the residual mineralogy of the source during

the generation of these two series. Namely, the Kupwuriso

source apparently retains some Zr-bearing phase during

generation of these lavas which strongly controls the

resulting variation in Zr abundance within the series.

The observed range in abundances of incompatible

elements in the Kupwuriso series is much greater than can be

produced by fractional crystallization between the low and

high MgO (12%-17%) samples within the series. Thus it

appears that the chemical variability within this series was

largely controlled by variations in the degree of partial

melting. The observed ranges in incompatible elements such

as P20S and Sr content suggests that the degree of melting

varied by a factor of approximately 2.5 within the series.

The Rb abundance varies by a factor of 5.5 within the series

but this large variation may partially reflect post-melting,

secondary processes, such as variable enrichment by an

alkali-rich, mobile fluid phase. This phenomena is observed

within the Honolulu Volcanic Series where multiple samples

collected from a single flow unit can yield widely variable

alkali-metal abundances (Clague and Frey, 1982), presumably

reSUlting from the presence of abundant pegmatoid

segregations within the flow.

The Awak data form broadly scattered trends,

particularly in the Nb and Sr diagrams. The scatter partly

reflects the presence of porphyritic ankaramite lavas and

relatively aphyric hawaiite/mugearite lavas within the same

series. The presence of variable amounts of modal

clinopyroxene and plagioclase within these samples would be

expected to affect the trends of elements such as Sr, which

can reach high concentrations within these phases (Table 7).

However, the abundances of other normally incompatible

elements (Nb, KP) do not co-vary with Zr as would be expected

if fractional crystallization alone controlled the

composition of the lavas. In addition, the Z:!" versus P20S
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Table 7. Partition coefficient values used in modeling.
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Table 7.

PARTITION COEFFICIENTS USED IN MODELLING

ELEMENT OLIVINE OPX CPX GARNET PHLOG TI-MGT ILMENITE APATITEZr 0.0120 0.030 0.15 0.300 0.60 0.24 0.2 0.01Y 0.0100 0.200 0.60 2.000 0.03 0.3 0.3 2.00Nb 0.0070 0.150 0.08 0.100 1.00 2.16 4 0.01Rb 0.0060 0.020 0.04 0.005 3.10 0.01 0.01 0.01l\)
Ce 0.0020 0.006 0.09 0.020 0.03 0.01 0.01 6.00

0co Nd 0.0034 0.009 0.22 0.090 0.03 0.01 0.01 8.008m 0.0058 0.012 0.40 0.220 0.03 0.01 0.01 10.00Yb 0.0120 0.050 0.50 4.000 0.03 0.01 0.01 4.00



diagram reveals two samples which have significantly lower

PzOs contents at a given Zr content than the rest of the Awak

data plotted. This suggests that either the source is

heterogeneous in abundances of these elements or that these

samples were produced by different degrees of partial melting

of a source containing phases which retain some of these

elements during melting.

The main shield lavas fOrM relatively linear trends in

these diagrams. Some scatter is observed in the KzO and Rb

trends which are likely to have been affected by variable

amounts of alteration, as mentioned previously. The overall

trends are consistent with the fractionation of olivine and

lesser amounts of clinopyroxene in the more differentiated

members of the series.

Figures 59 and 60 show the variation observed in various

ratios of highly incompatible to moderately incompatible

elements within the Pohnpei data set. The three volcanic

series plot within distinct fields in some of these diagrams.

The Rb/Zr ratio appears to be relatively constant for both

the shield-building and Awak lavas, although there is

substantial scatter in the data. The range in Rb/Zr and

Nb/Zr observed within the Kupwuriso series cannot be created

by crystal fractionation because of the similar partitioning

behavior of these elements within the observed phenocryst

assemblage. The large variation observed in these ratios

rather, suggests that these element abundances were

controlled by a residual phase in the source during melting

which is enriched in these elements. possible phases include

hornblende, rutile, and ilmenite, which are all known to

contain abundant Zr and Nb.

The increase in Zr/Y ratio with Zr content within the

Awak series is consistent with clinopyroxene fractionation

within the series. That the Nb/Y ratio stays relatively

constant within this series could be a result of the removal

of Y by clinopyroxene fractionation being balanced by the
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Figure 59. Comparison of observed element ratios with

modelled variations created by variable degrees of partial

melting of a garnet lherzolite source. Small numbers in

the diagram indicate the different degrees of equilibrium

partial melting required to generate a particular ratio on

the diagram.
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Figure 60. Comparison of observed element ratios with

modelled variations created by variable degrees of partial

melting of a garnet lherzolite source. Small numbers in

the diagram indicate the different degrees of equilibrium

partial melting required to generate a particular ratio on

the diagram.
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loss of Nb resulting from minor amounts of magnetite

fractionation. Removal of magnetite can also produce the

decrease in Nb/Zr with increasing Zr content observed within

the Awak series.

The decreasing trends in Nb/Zr and Nb/Y observed within

the shield-building data are more problematic because only

minor amounts of magnetite are observed in the groundmass of

sampled lavas and dikes. In addition, the Zr/Y ratio shows

much scatter within this volcanic suite. The removal of

clinopyroxene can fractionate these two elements (Table 7)

but would lead to a systematic increase in the Zr/Y and Nb/Y

ratios with increasing differentiation (higher Zr

abundances) • Variable degrees of partial melting of a

clinopyroxene and garnet bearing source can change these

ratios somewhat (Figures 59 and 60) but should affect the

Zr/Y and Nb/Y ratios in a similar manner. The difference in

observed trends of these two ratios suggests that some

heterogeneity existed within the source which produced the

shield building lavas on Pohnpei.

CHEMICAL REL.~TIONSHIPS BETWEEN DIF'FERENT VOLCANIC SERIES

The Nb/Y ratio can be used as an analog for light/heavy

rare earth element (LREE/HREE) ratios to characterize the

source mineralogy for the three volcanic series. The

partitioning behavior of Nb in most mantle minerals is

roughly similar to that of Nd or La \'lhile Y behaves in

similar manner to Yb. Thus the Nb/Y ratio often mimics the

LREE/HREE variation observed withiI~ volcanic series. The

Nb/Y ratios of the main shield building lavas are distinctly

lower than the ratios of the Kupwuriso and Awak volcanic

series (Figure 59). This lower ratio is consistent with the

derivation of the shield building lavas from a source devoid

of garnet at the end of melting and of the Awak and Kupwuriso

volcanics from a garnet-bearing source. This is
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substantiated by REE isotope dilution data presented in

Keating et al. (1984) for the least-porphyritic and most

magnesian member of each magma type identified by Mattey

(1982). If one assumes that these compositions are close to

primary (based on their high Mg#'s), then their composition

can be used to constrain the source mineralogy without making

corrections for fractionation. Plotting this data on a

chondrite-normalized REE element diagram shows that the REE

patterns of the shield-building lavas (lower LREE/HREE

ratios) cross those of the Kupwuriso and Awak volcanic

members (higher LREE/HREE ratios) (Figure 61). These

crossing REE patterns cannot be produced by fractionation of

mineral phases found in the high MgO samples in each series

(e.g. olivine and clinopyroxene).

Model REE concentrations arising from non-modal batch

equilibrium melting of a garnet lherzolite source were

calculated in an attempt to match the REE patterns observed

in the three volcanic series. A modal composition of

oI i v ineo.6/Orthopyroxeneo.25/CI inopyroxeneo•10/Garneto•05 was

assumed for the source. The four phases in the source were

assumed to enter the melt in a ratio of 3:1:4:8. The non

modal melting equation derived in Consolmagno and Drake

(1976) was used to calculate concentrations arising from

different degrees of equilibrium melting. Partition

coefficient values (Table 7) used were taken from Pearce and

Norry (1979), Le Roux (1985) and Chen et al. (1990) . As a

result of the chosen melting proportions, garnet is totally

melted from the source after 10% melting, while clinopyroxene

is removed after 27% melting.

In order to replicate the steepness of the REE patterns

and the absolute abundances of REE observed, a LREE-enriched

source is required (Ce=8xchondrite; Yb=2.5xchondrite). Dixon

et ale (1984) also concluded that th~ most primitive sample

in their suite could be produced by low (>10%) degrees of

partial melting of a LREE-enriched mantle. Modelling
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calculations show that the Kupwuriso and Awak REE patterns

can be reproduced by relatively small degrees (4% and 7%

respectively) of equilibrium partial melting from this LREE

enriched, garnet-bearing source, whereas the shield-building

lava patterns can be roughly reproduced by higher degrees of

melting (11-13%) of the same original source in which all the

residual garnet has been melted.

An attempt was made to test whether the differences in

other incompatible element ratios observed between the

different volcanic series could be generated by variable

degrees of equilibrium melting of the same garnet lherzolite

source modelled above. The variation in four element ratios

(Nb/Zr, Nb/Y, Zr/Y, Rb/Zr) resulting from partial melting of

a mantle source with element abundances identical to those

calculated for the source of the Honolulu Volcanic Series

(Clague and Frey, 1982) was determined (Figures 59 and 60).

The calculated range in ratios using this source composition

is broadly similar to the range observed in the Pohnpei data.

In addition, the amounts of REE enrichment required above are

similar to the caluculated enrichmen~swithin the HVS source.

Thus the chemical character of the enrichment process which

occurred in the Pohnpei and HVS source regions was apparently

quite similar.

The differences in Nb/Y ratio between the three volcanic

series can be created by equilibrium partial melting of this

source, with the progressive depletion of garnet from the

source at increasing degrees of partial melting (Figure 59).

The fields for these series overlap in the Zr/Y diagram.

However, equilibrium batch melting can not generate the

difference in Nb/Zr ratio observed between the shield

building series and the Kupwuriso series. Thus the sources

for these two volcanic series apparently have distinct Nb/Zr

ratios. The large variation observed in this ratio within

the Kupwuriso series suggests that these element abundances

were controlled by a residual phase in the source which is
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enriched in these elements. possible phases include

hornblende, rutile and ilmenite which have greatly different

measured distribution coefficients for Zr and Nb. However,

most oxide phases have higher partition coefficients for Nb

relative to Zr (Pearce and Norry, 1979; leRoux, 1985), which

would produce lower rather than the observed higher Nb/Zr

ratios within the Kupwuriso lavas as compared to the shield

building lavas. until additional partition coefficient data

are available for these potential residual phases, little

more can be said regarding the identity of the phases

controlling the observed chemical behavior within the

Kupwuriso series.

Finally, the Nd isotopic compositions measured in this

study require a time-integrated Sm/Nd ratio in the source

roughly 10% greater than the chondritic ratio. As with many

oceanic island lavas, this result is in contrast to the

enrichment in LREE and other incompatible trace elements

required by the observed chemical variability. Thus

extensive LREE enrichment of the Pohnpei mantle source must

have been relatively recent.

CONCLUSIONS

Lavas of alkali olivine basalt composition dominate the

shield-building stage of volcanism on pohnpei. This

contradicts the assertion by Mattey (1982) that the shield

building stage was characterized by lavas ranging in

composition from basalt to trachyte. Mattey' s PMLS series is

in fact related to the Awak volcanic series which post-date

the shield-building series by roughly 2 Ma. The Kupwuriso

volcanic series, which is equivalent to Mattey's PBS series,

ranges in composition from nephelinite to basanite and

represents the most recent volcanic activity on Pohnpei.

The shield-building lavas were formed by relatively high

degrees of partial melting (10-15%) from a source retaining
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little or no garnet. The Kupwuriso and Awak volcanic series

lavas were created by smaller degrees of melting (roughly 5

and 8% respectively) of a source in which significantly more

garnet remained within the mantle residue during and after

melting. In order to reproduce the REE patterns of the most

primitive members within each series, a LREE-enriched source

is required.

Fractional crystallization controls much of the chemical

variation observed within the main shield series, although a

compositionally heterogeneous source is required to explain

the observed variation in some trace element ratios. The

overall chemical variation within the Awak volcanic series is

controlled by fractional crystallization. Variable degrees

of melting of a source which is slightly compatible for the

elements Nb, K20 and Sr is required, however, by the trace

element data. The Kupwuriso volcanics were produced by

variable degrees of melting from two distinct sources

containing a minor phase(s) which strongly controlled

incompatible trace element behavior.

The Pb, Nd and Sr isotopic values of lavas from the

three volcanic series cluster tightly near the average MORB

fie.ld. This suggests that the enrichment in incompatible

elements required by the trace and REE element data must have

occurred relatively recently within the mantle source. The

Kupwuriso and Awak volcanic series were produced from

isotopically distinct, heterogeneous sources. The isotopic

data also appear to preclude significant mixing between the

Pohnpei lavas and the underlying crust of the ontong Java

Plateau.
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CHAPTER 5

DIKE WIDTH CHARACTERISTICS OBSERVED

IN INTRA-PLATE VOLCANOES

ABSTRACT

The average width of dikes in intra-plate island

volcanoes is found to increase linearly as a function of

distance from the volcanic center. This systematic increase

in dike width is an important factor in controlling the

variation in eruption volume and style observed within

volcanic rift systems of active volcanoes such as Kilauea.

In particular, downrift increases in duration, volume and

discharge rate of eruptive events can be explained by

differences in dike width along the length of the rift

zone. The number of dikes at a given crustal level is

observed to decrease logarithmically downrift, in agreement

with decreases in intrusive frequency observed downrift on

the active volcanoes of Kilauea and Mauna Loa in historical

times (Walker, 1988). Inter-island differences in mean

dike width observed within the intra-plate volcanoes

studied are shown to be dependent on magmatic viscosity.

INTRODUCTION

subaerial erosion of intra-plate volcanic edifices

offers an opportunity to study the dike systems responsible

for their growth and development. Several recent studies

(RUbin and Pollard, 1987; Spence and Turcotte, 1985) have

analyzed the mechanical nature of dike propagation through

a volcanic edifice and have emphasized the need for

additional field studies to further quantify the

theoretical models. Recent field studies (Zbinden, 1984;

Walker, 1987;) have yielded a large amount of quantitative

data regarding the spatial variation in dike thickness and

intensity in some intra-plate volcanoes. The studies are
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significant because these volcanoes are located in a

tectonic setting where external remote stresses are either

minimal (as in the case of isolated volcanic edifices such

as Waianae Volcano on Oahu) or can be identified

qualitatively (e.g. possible gravitational buttressing

effects due to the presence of an adjacent volcanic

stucture as in the case of Koolau and Pohnpei volcanoes).

In this environment, the influence of complicating external

stresses other than those found within the volcanic edifice

itself are minimized.

The physical size and the stress regime around the

1.8-2.7 Ma Koolau and the presently active Kilauea shield

volcanoes are quite similar (Walker, 1988). In particular,

the sub-aerial portions of the northwest rift zone of

Koolau volcano and the east rift zone on Kilauea are

similar in size. Both volcanoes are buttressed against an

older volcanic structure and are down-faulted on their

unbuttressed side. In the case of Koolau volcano this

apparently led to cataclysmic landsliding and removal of

much of the eastern par~ of the volcano (Moore, 1964: Moore

et al., 1990). Owing to the physical similarites of the

two rift zones, data gathered on the exposed dike system of

Koolau volcano should be useful in understanding the

dynamics and structure of the presently active rift system

of Kilauea.

PREVIOUS WORK

Various workers have studied mechanical aspects of the

movement of magma. Delaney and Pollard (1982a) studied the

variation in physical properties of a group of minette

dikes that intrude a flat-lying sequence of siltstone and

shale over a distance of 3 kID near Ship Rock, New Mexico.

They observed that the dike orientation shows no obvious

relation to the regional joint patterns. They suggested
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that although dikes are the preferred form for moving magma

down a rift zone, central conduit plugs should be the

preferred form for the flow of magma to the surface.

Rubin and Pollard (1987) used concepts of fracture

mechanics to model the observed propagation of dikes over

long distances at shallow depth within the rift zones of

Kilauea and Krafla, Iceland. For the model, they

subdivided the stresses exerted into two categories: 1)

Pressures within the dike, which are controlled by factors

such as magma-reservoir pressure, magma density, presence

of vesiculated magma or gas at the dike top, and pressure

gradients caused by viscous flow; 2) remote stresses which

include the density stratification of the rift zone,

gravitational loading of the volcanic ridge, intrusion of

previous dikes, faulting, and plate tectonic forces. Magma

was shown to be intruded into the x'ift zone in the form of

narrow, steeply dipping, blade-like dikes. They noted that

the magma pressure at a given depth within a dike increases

with downrift distance because of the slope of the rift

zone, and decreases with downrift distance because of

viscous pressure losses. The balance between these two

factors should be reflected in along-strike variations in

dike thickness, the measurement of which would prove useful

in constraining the remote stress field within the volcano.

Helgasson and Zentilli (1985) studied the vertical and

horizontal variation in dike thickness observed in 168

dikes of the Breiddalur-Thingmuli dike system in Iceland.

They found that the maximum thickness of measured dikes

decreases with increasing elevation in the edifice and that

the average dike width at a given crustal level was less

within the Breiddalur dike system than at the Alftafjordur

dike system. The observed differences in dike thickness at

the two sites were attributed to either differences in the

regional principal stress in the crust at the time of dike

emplacement (i.e. different local spreading rates) or to

differences in the pressure of the intruding magma.
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Figure 62. Orientation of dikes and location of the

bouguer gravity high on islands compared in this study.
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In his detailed study of Koolau Volcano, Walker (1987)

showed that the average width of exposed dikes tripled

between the volcanic center at Kailua and the Waikane area

to the northwest and that the increase in width is

accompanied by a 70% decrease in the absolute number of

dikes present in transects across the complex. He

suggested that the lateral distance a dike travels from its

source is related to its width; broader dikes being more
far ranging and thus more prevalent at greater distances

from the eruptive center.

FIELD DATA

The dike systems of three island volcanoes in the
Pacific have been the sUbject of recent field

investigations. In this paper, data from previous studies

of the Waianae and Koolau volcanoes on Oahu Hawaii are
combined with new field studies by the author on the Koolau

volcano and on Pohnpei island, Federated states of
Micronesia. The dike swarms on each volcano are
illustrated in Figure 62.

waianae volcano was studied by Zbinden (1985, 1988)
who made approximently 400 measurements of dike width,

strike and petrologic type. Thin sections were made for
most of the dikes and a subset of 85 dikes was analyzed

chemically for major element composition. In this way,

dikes related to the shield-building stage of the volcano
were differentiated from dikes associated with the

alkalic-capping stage. Additionally, more detailed

measurements (99 measurements) were carried out by M.D.
Knight and G.P.L. Walker (unpublished data) for the area
around Kolekole Pass and have been combined with Zbinden's
data in this stUdy.
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The dike complex of the dissected Koolau shield

volcano was studied in detail by Walker (1986, 1987) who

made measurements on roughly 3500 dikes exposed within the

eroded shield. These measurements were concentrated in 57

localities exposed between the Keclu Hills near Kailua and

the Waikane area to the northwest (Figure 62). Widths,

trends, and dike intensity as measured both by percentage

of outcrop as well as the number of dikes per 100 meter

traverse were recorded for each outcrop locality. Walker's

data from near the center of the shield were augmented by

further field studies by the author in and around the

northwestern end of the Koolau range to obtain intensity

and width information on the dikes exposed near the distal

portion of the volcano. Additional dike data collected

from the Waihole water transmission tunnels which traverse

Koolau Volcano were obtained from K. J. Takasaki (Personal
Communication).

Dikes exposed on the island of pohnpei were studied

during reconnaissance mapping of the island in 1988. A

total of 410 measurements were made at numerous localities

around the island. Exposures were typically limited to

areas where erosion of the overlying, voluminous late-stage

volcanics reveal the older shield-building volcanic rocks.

Dikes of different composition associated with the

different volcanic stages on Pohnpei are often difficult to

differentiate in the field owing to the intense weathering

at many outcrops. Unlike Waianae and Koolau volcanoes,

Pohnpei does not have clearly defined rift systems but,

rather, the dikes tend to strike in a radial fashion about

the volcanic center (Figure 62). The majority of dikes

range in composition from basanite to alkali olivine basalt

with minor amounts of hawaiite. In contrast, the dikes on

Koolau volcano are almost exclusively tholeiitic, whereas

both tholeiitic and alkalic dikes are found on Waianae

volcano.
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Figure 63. Variation in dike width as a function of

distance from the bouguer gravity high. The two lines on

the diagrams are regression lines representing the

variation in mean dike width (upper line) and median dike
width (lower line) observed on each island.
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METHODS

Plots were constructed of the average and mean dike

thickness at various localities versus distance from each

eruptive center. The location of the eruptive center for

each volcano was taken to correspond to the center of the

Bouguer gravity high. Only outcrops where at least 8 dikes

were measured are plotted. Figure 63 shows the resulting

variation in mean and median dike width for the three

volcanoes studied and the corresponding regression lines

defining the overall trend. Despite some scatter in the

data, there is a definite increase in average dike width at

greater distances from the volcanic center. Part of the

scatter observed in the Koolau data may be attributed to

the assumption that all dikes emanated from a single

locality. Walker (1987) used measurements of the

predominant plunge of flow lineations on dikes and Knight

and Walker (1988) measured the anisotropy of magnetic

susceptibility in Koolau dikes to infer the presence of at

least three high-level magma reservelirs that fed the dikes

and related lava flows of the Koolau shield. In addition,

dike data collected from the water transmission tunnels

near the Waikane area show two predominant strike

directions (N35W and N55W) , consistent with the presence of

at least two volcanic centers (Takasaki, unpublished field

notes). The Waianae data set has the complexity that both

tholeiitic and alkalic dikes are found within the volcanic

edifice. The mean width for roughly 270 tholeiitic dikes

was 61 cm while the mean width for 26 alkalic dikes was 103

cm. Zbinden (1984) noted that the exposure at Nanakuli

ridge contained predominately alkalic dikes which explains

why this locality plots so far off the trend defined by the

other localities which are composed predominantly of

tholeiitic dikes (Average dike width=165 cm at a distance

of 6.5 Km; see Figure 63).
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Figure 64. variation in dike width and dike intensity

observed in the tunnels of the Waiahole water transmission

system. The tunnels penetrate the Koolau rift system

roughly orthoganol to the main trend of the dikes in the

Waikane area. Dike measurements were sub-divided into 100

meter sections orthogonal to the average trend of the rift

system (N45W).



0 0 0 0 ~
0 '" C? -- Q) "t- O

~\........ \,
\ll'~\
~\
~\

$'/

~) f#t
.;'
~
~

/ ....
!
~

'tt •!
-J ·UJ !
;z •;z •
~ I
::> I
~ ;
::> .

:; ~
~

(

J
r

If;
0:

~!
j f

UJ j-J _

01:z::!
s/
1 .I

j
r,

l

W
~s
Z II-eo J:
W ::;
~ §

(dO~:)lnO %)

A1ISN31NI 3>110

(~~) H10IM 3>110

235

------------------



The scatter in dike width at a given distance from the

volcanic center can be quantified in the Koolau rift system

by analyzing the dike exposures in a nearly continuous 3.5

kilometer section exposed within the Waihole tunnel

system. Takasaki and co-workers at the USGS (Personal

communication) made detailed dike measurements within the 5

tunnels which comprise the Waihole system. The tunnels

were drilled roughly perpendicular to the general trend of

the rift system in orde~ to intercept dike

compartmentalized groundwater for ~rrigation on the dry,

leeward side of the island (Takasaki and Mink, 1986).

Their field data were broken up into 100 meter sections

striking perpendicular to the average N45W trend of the

rift system (Figure 64). The average dike widths measured

for each 100 meter section in this transect show a similar

amount of variability as observed in isolated outcrops

exposed in the Koolau at a given distance from the volcanic

center (Figure 63). In addition, no systematic variation

in dike width is observed in going from the high dike

intensity, central portion of the rift ?one to the low

intensity marginal zones (Figure 64).

An estimate of the absolute number of dikes present

within the Koolau rift system can be made at three

different localities. Walker (1987) estimated that 7400

dikes are present in a transect just south of Kaneohe bay

(near the caldera). This estimate was made from

information collected at outcrops which generally range in

elevation from 75-150 meters. Roughly 20 km from the

eruptive center, the dikes e~posed in the near continuous

outcrop exposed in the water transmission tunnels can be

used. Assuming that the rift zone is roughly symmetrical;

it is estimated that about 950 dikes transect the entire

rift zone at the average 240 meter elevation of the

tunnels. In the Laie-Haaula area, roughly 30 kilometers

from the eruptive center, dikes are exposed in the deeply
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Figure 65. Comparison of the variation in historical

intrusive events on Kilauea as a function of distance from

the volcanic center (Walker, 1988) with the the estimated

number of dikes in three different transects across the

Koolau edifice.
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dissected Maakua, Kaipapau, Wailele and Malaekahana valleys

on the eastern side and Kamananui valley on the western

side of the Koolau range. The dike outcrops range in
elevation from 185-310 meters elevation and have an average

width of 170 cm. The maximum dike intensity measured is

about 5 percent at two localities 2.5 Km apart on opposite

sides of the ridgeline. If one assumes that the shape of

the cross-axis variation in dike intensity is similar to

that observed within the Waihole water transmission

tunnels, a maximum dike intensity of 25% is reached along

the center of the rift zone and a total of 165 dikes is

estimated for the traverse at this locality.

The number of dikes at the three localites was

adjusted to a common elevation by assuming that the dike

intensity decreases linearly to zero at the top of the

volcanic pile, as has been observed in the Tertiary dike

swarm in the Berufjodur-Breddalur area of Iceland (Walker,

1960). The presence of few dikes in the walls of Kilauea

Caldera (Casadevall and Dzurisin, 1987) suggests that this

is true for intra-plate volcanoes as well. Extrapolation

of the dike data at the three localities to sea level

yields values of 8300 dikes in the caldera region, 1460

dikes at Waikane and 500 dikes near Laie.

This decrease in the number of dikes observed downrift

within Koolau Volcano at a given crustal level can be

compared to the distribution of historical intrusive events

along Kilauea's East Rift Zone (Walker, 1987). The

reSUlting graph (Figure 65) illustrates that the intrusive

rate decreases logarithmically downrift within both

volcanoes. The volume of the volcano also decreases

downrift but in a more linear fashion. Thus, if the

intrusion:extrusion ratio for dikes is similar for proximal

and distal protions of the rift zone, there must be a

corresponding increase in average eruptive volume for

distal eruptions.
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Figure 66. Calculated magmatic viscosity at different

temperatures for the average dike composition in the
volcanoes studied. Values were calculated using the
empirical relationships outlined in Bottingia and Weill
(1972). Lower diagram illustrates the near linear

correlation between the calculated viscosity and the
average measured dike width in the volcanoes studied.
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The mean dike width on the three islands studied are

quite different when all dike measurements are combined.

The volcanoes in this study have different mean dike widths

when all dikes measured are combined. since to a first

approximation, the remote stress regimes in these different

volcanoes are roughly similar, this difference must be due

to some other factor. Theoretical studies (i.e. Hardee and

Larson, 1977) have shown that for a given driving pressure

gradient, the width of a propagating dike should vary as a

function of the magmatic viscosity. Chemical analyses of

dike material and shield building lavas from each volcano

were used determine an average chemical composition for the

dikes. The viscosity of the dike magma at different

temperatures for the volcanoes studied was then calculated

using the method of Bottinga and Weill (1972) and compared

to the mean dike width measured on each volcano (Figure

66). Dike measurements made by G.P.L. Walker on American

Samoa in May 1989 as well as measured widths of trachytic

dikes found on Kohala Volcano, West Maui and Pohnpei were

also considered. Due to the strong dependence of magma

viscosity on temperature and the uncertainties in the

actual temperature of the magma as it travelled through the

dike, calculated differences in v LecosLcy are more useful

for qualitative rather than quantitative comparisons. One

can, however, estimate that ,the relative order of

decreasing eruptive temperatures would be: basanite>

tholeiite> mugearite> trachyte. Reference to Figure 66,

shows that these relative temperatures would increase the

differences in actual viscosities over those calculated at

the same temperature. The strong correlation between

average dike width and the calculated viscosity at 12000C

illustrates that the magmatic viscosity ~s a major

controlling factor in determining the mean width of dikes

within a given volcano.
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DISCUSSION

Several possible mechanisms may be responsible for the

observed increase in mean dike width with distance from the

eruptive center. Individual dikes may become wider

downrift as a result of a systematic decrease in the remote

stress produced by the geometry and structure of the

volcanic edifice. This variation in the state of stress

would be induced by the vertical variation in bulk density

within the volcanic edifice, the presence of horizontal

tensile strengths due to the gravitational loading of the

volcanic edifice, or could be generated by the previous

intrusion of dikes (Rubin and Pollard, 1987). Since the

average width of dikes does not seem to be different in the

low and high intensity parts of the rift zone at a given

distance from the volcanic center (Figure 64), the stress

regime produced by the previous intrusion of dikes does not

appear to be sufficient to affect the average width of

dikes.

Due to the discontinuous nature of outcrops on these

oceanic islands, direct field observations can not verify

whether progressive widening of individual dikes does

indeed occur. It is important to note, however, that wide

dikes do occur at localities close to the volcanic center

and that the observed increase in mean and median dike

width is due to an increase in the relative percentage of

wide dikes downrift rathe~ than a progressive change from

all narrow to all wide dikes. Delaney and Pollard (1981)

showed that the width of a group of minette dikes stayed

more or less constant along strike over a distance of 3

kilometers near Ship Rock, New Mexico.

A simpler explanation for the observed increase in

dike width is that narrow dikes are simply not robust

enough to propagate far from their magmatic source. In

this "Propagation of the Thickest" model, dikes that are
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injected into the rift zone with lower magmatic pressure

quickly cease to propagate as they are overcome by the

strength and elastic stiffness of the host rock. Narrow

dike propagation is also retarded by thermal factors.

Delaney and Pollard (1982) showed that small differences in

dike thickness can have a profound influence on the

solidification rate of magma within the dike. A general

estimate of the actual time required to solidify a dike can

be calculated with the method outlined by Spence and

Turcotte (1985). using a temperature contrast of 8000C

between the intruding magma and country rock and the

physical properties given in their paper, cooling times on

the order of a day are calculated for proximal dikes

(median width-50 cm) and 1-2 weeks for distal dikes (median

width-200 cm). Thus narrower dikes freeze much more

rapidly than wide dikes, leading to the more rapid

termination of propagation downrift.

The variation in width of dikes that emanate from

the volcanic center is also controlled by differences in

the driving magmatic pressure. Epp et ale (1983) suggested

that distal eruptions along Kilauea's east rift zone tap

the summit reservoir at lower levels and drain it more

deeply than summit eruptions. In this scenerio, distal

dikes propagate deeper through the rift zone and are driven

by a higher hydraulic pressure than more proximal events

that emanate from shallower charobers with accompanying

smaller magma-reservoir pressures. The higher initial

magma pressure would thus lead to propagation of a wider

crack during dike intrusion (Hardee and Larson, 1977;

Spence and Turcotte, 1985) for these distal eruptions.

Petrologic evidence for this mechanism comes from submarine

lavas dredged from the distal end of the east rift zone

which have higher olivine contents than lavas near the

summit which is indicative of draining from lower levels of

the subsummit magma reservoir (Moore, 1965).



DIKE WIDTH CONTROL ON ERUPTION STYLE

Eaton and Murata (1960) first noted that the volume of

flank eruptions on Kilauea are typically much larger than

for summit eruptions. Delaney and Pollard (1982) showed

that the volumetric flow rate through a dike is

proportional to the cube of the dike half-thickness under

conditions of laminar flow. This cubic relationship

suggests that wider dikes should be associated with higher

discharge rates and should contrib~te the majority of magma

erupted to the surface at a given locality. In his study

of surficial flows on Kilauea, Holcomb (1987) noted that

the percentage of surficial aa progressively increases from

the summit to the lower east rift zone. This increase in

aa downrift may be a reflection of; 1) higher discharge

rates issuing from the progressively wider dikes found

downrift; 2) the change of some flows from pahoehoe to aa

downslope. Higher discharge rates promote the rapid loss

of volatiles and lead to the preferential formation of aa

rather than pahoehoe flows. In addition, a recent Deep-Tow

survey and sea floor photography have discovered that the

proportion of sheet flows increases with depth along the

distal submarine segment of Kilauea's east rift zone

(Clague et al., 1988; Lonsdale, 1989). These sheet flows

are characteristic of voluminous submarine eruptions with

high discharge rates and are thought to be related to the

periodic collapse of the summit caldera at Kilauea

(Holcomb, 1986). Lonsdale (1989) observed large, 2-8 meter

wide cracks with near vertical walls along the crest of the

submarine portion of the east rift zone. These cracks were

created by dilation during dike intrusion and are thought

to reflect the actual width of the subsurface dike due to

the high depth:width ration of the cracks and the jig-saw

puzzle fit of the fractured rocks on either side of some
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HISTORICAL KILAUEA DATA
TIME TO SOLIDIFY VS ERUPTION DURATION
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Figure 67: The actual duration of historical Kilauea

eruptions is compared to the calculated solidification time

of a dike of a width determined from the regression line

for Koolau volcano. The fit between calculated and actual

values are quite good suggesting that; 1) the dike width

distribution under Kilauea is probably similar to that

exposed in Koolau volcano; 2) the width of the dike plays

an important role in determining the duration of a given

eruption.
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cracks (Lonsdale, 1989). It was noted that these cracks

are wider than typical dikes exposed within the subaerial

Hawaiian rift zones. This range in dike width is similar,

however, to the range observed in the distal portion of

Koo1au volcano, suggesting that dikes also tend to be wider

within the distal portion of Kilauea's rift zone.

The duration of distal flank eruptions are also

typically longer than rift zone eruption3 that occur close

to the summit caldera. This can be related to an increase

in median dike width downrift. Using historical eruption

data from Kilauea's ERZ, one can test whether the

difference in solidification rate for distal and proximal

dikes controls eruption duration if one assumes that the

dike width distribuiton within Kilauea and Koolau volcanoes

is similar. The regression line for Koolau volcano (Figure

63) can then be used to estimate the median dike width for

the different historical ERZ eruptions of Kilauea based on

the distance from the summit. For the sustained eruptive
events at Puu 0'0 and Mauna Ulu, only the first phases of

activity were plotted since these mcst clearly reflect the

initial dike propagation event. The time required to

solidify the calculated dike width associated with each

eruption was then calculated using the physical properties

given in Spence and Turcotte (1982) and again assuming a

8000 e temperature differential between the intruding

magma and country rock. The resulting calculated time was

then compared to the actual duration of each volcanic

event. From the resulting graph (Figure 67), it is

apparent that the calculated time for solidification

closely matches the actual duration of many of the

historical eruptions. This suggests that to a first

approximation, the observed variation in dike width

controls the duration of eruptions along the rift zones.
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It is interesting to note that many of the proximal

events (calculated solidification times 50-100 Hrs) had

shorter eruptive durations than calculated based on

solidification rates. This may possibly reflect the

relative ease with which narrow dikes become blocked after

only partial solidification of the dike has occurred. The

two eruptions which deviated most from the calculated

values were the 1961 and 1955 flank eruptions. In the case

of the 1961 eruption, the three summit eruptive phases

which took place over the seven months prior to this

eruption (Richter et al., 1964) may have played a role in

the brevity of this eruption. The 1955 eruption may have

simply been fed from a wider than average dike.

Alternatively, the extended duration of the 1955 eruption

as well as the activity at Puu 0'0 and Mauna Ulu may be

related to the advection of heat by flowing magma which can

ultimately affect the temperature distribution of the wall

rock. Bruce and Huppert (1989) have shown that the time

required for a dike to solidify is dependent on which kind

of thermal regime exists; one in which heat loss to the

walls exceeds heat advection Which leads to solidification
of the dike; and a second in which initial heat loss may

exceed advection, but in which advection and latent heat

effects eventually exceed the heat losses into the country

rock allowing the dike to remain open for extended periods

of time and even become widened cy thermal erosion. This

feedback mechanism could explain how the magmatic conduit

system stayed open for such a prolonged time during these

extended eruptive phases. In the case of Mauna Ulu and Puu

00, the duration of these eruptions was probably controlled

by the decay in magma driving pressure and supply from the

region of magma storage.
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CONCLUSIONS

It has been shown that the mean width of dikes

systematically increases as a function of distance from the

volcanic center in exposures on three intra-plate

volcanoes. This general increase leads to eruptions of

longer duration and higher discharge rates along the distal

portions of rift zones. The number of intrusive events

within the rift zone is observed to decrease

logarithmically downrift neccessitating that the volume of

distal eruptions be on average much larger than proximal

eruptions. Inter-island differences in average dike width

for the intra-plate volcanoes studies are shown to be most

likely related to the viscosity of the intruding magma.
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Appendix 1: Data summary of
constructing the bathymetric and
the area around Pohnpei.
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Appendix 2: Location and elevation information for the 189
gravity stations on the island of Pohnpei.

site# Elev(Ft) Longitude Latitude Observed Theoretical Free Air
500 10.50 12.05 58.40 978413.52 978108.00 . 306.51
501 115.00 12.20 57.12 978428.98 978107.46 332.34
502 32.00 13.05 57.06 978439.08 978107.43 334.66
503 7.00 13.20 57.07 978440.13 978107.43 333.36
504 9.00 12.30 58.05 978427.78 978107.79 320.84
505 9.00 14.40 57.20 978434.47 978107.50 327.82
506 3.00 14.00 58.06 978424.99 978107.80 317.47
507 112.50 15.30 58.00 978416.67 978107.77 319.48
508 162.00 11.55 56.55 978419.11 978107.37 326.98
509 270.00 11.35 56.48 978407.50 978107.33 325.57
510 325.00 11.30 56.30 978401.61 978107.22 324.96
511 390.00 11.20 56.03 978391.71 978107.05 321. 34
512 4.50 11.35 57.20 970424.05 978107.52 316.95
513 11.00 11.25 57.15 978422.27 978107.49 315.81
514 8.00 11.00 57.17 978413.12 978107.50 306.37
515 7.00 10.55 57.39 978408.92 978107.64 301. 94
516 10.00 10.35 57.55 978402.44 978107.74 295.64
517 6.00 10.15 58.04 978397.93 978107.79 290.70
518 3.00 10.25 58.25 978396.90 978107.91 289.27
519 6.00 10.40 58.45 978397.08 978108.04 289.60
520 9.00 11.00 58.35 978402.28 978107.97 295.16
521 170.00 11.25 57.27 978410.04 978107.56 318.47
522 7.00 11.40 57.43 978422.09 978107.64 315.11
523 8.00 11.40 58.10 978418.42 978107.83 311. 34
524 6.00 11.25 58.40 978407.27 978108.02 299.81
525 65.00 10.55 56.40 978410.01 978107.28 308.84
526 98.00 10.45 56.03 978401.54 978107.05 303.71
527 5.00 9.50 56.25 978396.98 978107.20 290.25
528 5.00 9.25 56.47 978387.83 978107.31 280.99
529 8.00 8.55 57.02 978383.08 978107.41 276.42
530 5.00 12.10 58.20 978421.94 978107.89 314.52
531 35.00 12.55 57.08 978438.45 978107.44 334.30
532 123.00 12.25 57.31 978426.13 978107.58 330.12
533 7.00 12.50 57.45 978435.97 978107.67 328.96
534 4.00 13.50 57.00 978441.22 978107.40 334.20
535 0.00 14.55 58.15 978424.62 978107.86 316.76
536 2.00 15.45 58.10 978421.11 978107.83 313.47

536b 9.00 15.30 57.35 978426.27 978107.60 319.52
537 9.00 16.30 57.05 978420.84 978107.42 314.27
538 3.00 17.00 55.37 978416.90 978106.89 310.29
539 14.00 13.20 56.35 978440.37 978107.24 334.45
540 166.00 13.20 55.30 978427.70 978106.86 336.45
541 16.00 13.30 56.14 978439.57 978107.13 333.94
542 88.00 14.00 55.47 978433.61 978106.95 334.94



543 9.00 13.30 5J!.40 978421. 24 978108.01 314.08
544 484.00 10.10 55.28 978361.98 978106.85 300.66
545 335.00 9.45 55.00 978367.93 978106.68 292.76
546 271. 00 9.30 55.22 978368.60 978106.80 287.29
547 22.00 8.10 54.46 978366.36 978106.59 261. 84
548 59.00 8.25 55.07 978369.71 978106.71 268.55
549 164.00 8.55 55.10 978367.10 978106.72 275.81
550 252.00 9.30 54.27 978366.00 978106.49 283.21
551 166.00 9.15 54.05 978367.66 978106.35 276.92
552 3.00 8.50 53.20 978371.32 978106.10 265.50
553 9.00 8.15 53.05 978373.42 978106.00 268.27
554 12.00 9.30 52.35 978371.50 978105.83 266.80
555 4.00 12.00 57.45 978426.99 978107.67 319.70
556 1. 00 13.20 0.00 978396.62 978108.49 288.22
557 13.00 12.10 0.10 978383.82 978108.52 276.52
558 1.00 16.35 58.30 978405.37 978107.95 297.51
559 2.00 18.15 57.50 978388.43 978107.72 280.90
560 0.00 19.50 58.00 978358.29 978107.77 250.52
561 0.00 19.25 58.00 978361.96 978107.77 254.19
562 0.00 19.05 '\6.25 978366.17 978107.19 258.98
563 1.00 19.05 :0 978375.65 978107.04 268.70
564 0.00 20.20 53.40 978356.52 978106.20 250.32
565 3.00 20.25 52.40 978356.03 978105.83 250.48
566 7.00 21.10 51.40 978338.37 978105.49 233.54
567 6.00 19.45 51.15 978350.98 978105.35 246.19
568 3.00 19.10 51.40 978361.77 978105.49 256.56
569 4.00 15.25 0.10 978394.58 978108.52 '286.44
570 185.00 17.05 54.35 978405.46 978106.53 316.33
571 7.00 17.45 54.42 978407.02 978106.57 301.11
572 4.00 19.10 55.15 978378.95 978106.77 272.56
573 9.00 18.35 55.10 978386.57 978106.73 280.69
574 10.00 19.12 54.40 978377.52 978106.56 271.90
575 15.00 19.05 52.55 978375.94 978105.94 271.41
576 26.00 18.35 52.35 978376.01 978105.82 272.64
577 60.00 17.20 53.30 978395.49 978106.15 294.98
578 7.00 17.15 53.05 978395.48 978106.00 290.14
579 104.00 16.20 53.02 978394.66 978105.98 298.46
580 65.00 17.00 52.15 978379.56 978105.70 279.97
581 16.00 17.55 50.40 978360.88 978105.15 257.23
582 5.00 18.37 50.30 978354.69 978105.09 250.07
583 325.00 17.10 50.30 978347.33 978105.09 272.81
584 215.00 17.40 49.45 978344.97 978104.82 260.37
585 75.00 17.55 48.40 978346.34 978104.42 248.97
586 11.00 17.05 4e.25 978356.73 978104.33 253.43
587 247.00 10.05 52.45 978364.97 978105.88 282.32
588 413.00 10.00 51.50 978346.17 978105.57 279.45
589 10.00 9.30 51.05 978367.26 978105.29 262.91
590 5.00 9.00 49.55 978360.23 978104.88 255.82
591 364.00 10.05 50.00 978343.30 978104.91 272.63
592 12.00 10.05 49.20 978365.08 978104.67 261. 54
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593 3.00 9.50 48.50 978361. 75 978104.49 257.54
594 20.00 11.25 49.00 978368.95 97El104.55 266.28
595 423.00 12.55 49.10 978347.63 978104.62 282.80
596 325.00 12.50 48.50 978352.68 978104.49 278.76
597 28.00 13.15 48.35 978368.18 978104.39 266.42
598 25.00 13.55 48.40 978368.43 978104.42 266.36
599 33.00 14.50 48.20 978367.51 978104.30 266.31
600 30.00 15.50 48.20 978364.56 978104.30 263.08
601 221. 00 15.55 48.20 978349.76 978104.30 266.25
602 65.00 12.30 57,.55 978428.13 978104.74 329.50
603 189.00 12.04 56.23 978419.63 978107.18 330.23
604 150.00 12.15 56.15 978423.18 978107.13 330.16
605 295.00 12.20 55.35 978410.69 978106.89 331. 55
606 365.00 12.05 55.05 978398.61 978106.71 326.23
607 18.00 13.15 57.50 978436.43 978107.71 330.41
608 22.00 13.20 58.17 978427.53 978107.87 321. 73
609 6.00 13.15 58.25 978426.50 978107.92 319.14
610 3.00 14.03 57.43 978435.16 978107.67 327.77
611 8.00 14.17 57.06 978439.14 978107.43 332.46
612 283.00 14.23 56.00 978421. 31 978107.04 340.89
613 32.00 14.02 56.33 978438.59 978107.24 334.36,
614 107.00 15.28 57.17 978423.82 978107.49 326.39
615 12.00 16.29 57.35 978418.73 978107.61 312.25
616 10.00 16.22 56.22 978425.34 978107.18 319.10
617 527.00 15.46 56.20 978395.89 978107.17 338.29
618 7.00 16.30 56.01 978423.51 978107.04 317.13
619 455.00 16.07 55.17 978393.81 978106.78 329.83
620 390.00 16.15 55.03 978402.32 978106.69 332.31
621 15.00 17.07 55.00 978414.14 978106.68 308.87
622 8.00 17.48 54.42 978403.65 978106.59 297.81
623 223.00 18.25 55.08 978379.41 978106.72 293.67
624 36.00 18.25 55.38 978389.95 978106.90 286.44
625 163.00 18.57 54.02 978371. 77 978106.34 280.76
626 62.00 17.55 53.17 978390.46 978106.08 290.21
627 31. 00 17.08 52.47 978390.55 978105.89 287.58
628 117.00 16.23 52.33 978384.21 978105.81 289.41
629 325.00 15.32 51.45 978368.80 978105.53 293.84
630 98.00 12.50 55.50 978433.56 978106.98 335.80
631 163.00 12.40 54.50 978418.84 978106.67 327.50
632 345.00 12.20 55.10 978403.61 978106.n 329.33
633 127.00 12.45 55.15 978426.43 978106.95 331. 43
634 35.00 12.57 57.05 978438.76 978107.42 334.63
635 65.00 12.50 56.35 978435.22 978107.25 334.08
636 168.00 12.48 56.52 978428.66 978107.36 337.10
637 143.00 12.13 56.49 978424.62 978107.35 330.72
638 260.00 11.54 56.30 978419.14 978107.22 336.38
639 250.00 11.50 56.32 978413.24 978107.23 329.53
640 195.00 11.45 56.37 978415.33 978107.61 326.06
641 176.00 11.37 56.47 978414.03 978107.33 323.25
642 439.00 12.50 54.18 978392.79 978106.44 327.64
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643 228.00 12.56 54.36 978413.39 978106.53 328.31
644 179.00 12.56 54.48 978116.89 978106.62 327.11
645 568.00 11.48 54.46 978378.47 978106.59 325.31
646 488.00 11.51 54.58 978383.19 978106.67 322.42
647 6.00 10.30 56.13 978403.45 978107.12 296.89
648 166.00 10.35 55.37 978390.75 978106.90 299.46
649 35.00 11.57 51.55 978367.44 978105.59 265.14
650 11.00 9.17 49.17 978360.91 978104.65 257.29
651 731. 00 10.49 51.03 978328.39 978105.27 291.38
652 796.00 11.07 51.26 978325.52 978105.42 294.97
653 650.00 11.18 51.53 978342.78 978105.59 298.33
654 660.00 10.35 50.50 978330.33 978105.20 287.21
655 104.00 10.14 49.14 978358.86 978104.64 264.00
656 15.00 18.56 50.49 978355.45 978105.19 251. 67
657 14.00 17.32 51.14 978370.46 978105.35 266.43
658 36.00 19.43 50.34 978342.74 978105.11 241. 02
659 119.00 19.32 50.43 978340.54 978105.18 246.55
660 179.00 19.04 50.40 978340.86 978105.16 252.54
661 12.00 18.49 50.42 978355.07 978105.17 251.03
662 12.00 17.25 51.43 978376.09 978105.53 271. 69
663 98.00 18.48 53.38 978376.79 978106.19 279.82
664 15.00 19.18 52.45 978370.70 978105.88 266.23
665 3.00 19.52 52.26 978363.57 978105.77 258.08
666 3.00 5.40 53.48 978345.28 978106.26 239.30
667 5.00 7.47 53.50 978364.28 978106.27 258.48
668 9.00 7.32 54.28 978363.24 978106.49 257.60
669 3.00 11.06 59.57 978378.03 978108.47 269.84
670 4.00 11.50 59.02 978406.26 978108.14 298.50
671 2.00 12.50 59.02 978414.34 978108.14 306.39
672 5.00 14.42 57.30 978432.29 978107.58 325.18

672b 6.00 16.27 56.52 978422.77 978107.35 315.98
673 12.00 16.37 55.31 978419.79 978106.87 314.05
674 39.00 17.19 54.45 978409.44 978106.59 306.52
675 60.00 18.02 54.53 978397.47 978106.64 296.47
676 143.00 17.24 49.02 978348.44 978104.56 257.33
677 0.00 17.43 48.22 978351. 74 978104.32 247.42
678 18.00 18.00 49.00 978352.17 978104.55 249.31
679 462.00 16.39 49.27 978332.87 978104.71 271. 62
680 124.00 17.22 47.22 978343.38 978103.96 251. 08
681 796.00 12.43 49.56 978326.67 978104.89 296.65
682 2.00 17.20 56.20 978412.92 978107.17 305.94
683 5.00 20.27 50.33 978334.05 978105.10 229.42
684 0.00 20.30 50.27 978332.71 978105.07 227.64
685 5.00 21.13 50.44 978328.41 978105.18 223.70
686 3.00 20.40 50.47 978334.90 978105.20 229.98
687 2.00 20.02 50.32 978339.92 978105.10 235.01
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Appendix 3: Location and elevation information for the 32
gravity stations on the island of Kosrae.

Site# Elev(Ft) Longitude Latitude Observed Theoretical Free Air
1 40.00 163.00 5.33 978409.72 978076.30 337.18
2 10.00 163.00 5.33 978404.02 978076.30 328.66
3 9.00 163.02 5.34 978380.92 978076.40 305.37
4 8.00 163.02 5.33 978382.72 978076.30 307.17
5 6.00 163.03 5.33 978371.42 978076.20 295.78
6 5.00 163.03 5.33 978364.52 978076.30 288.69
7 7.00 163.02 5.35 978368.42 978076.50 292.58
8 6.00 163.02 5.37 978347.22 978077.00 270.78
9 11.00 163.01 5.37 978361.32 978077.00 285.36

10 10.00 163.00 5.37 978363.12 978077.00 287.06
11 10.00 162.98 5.37 978369.02 978077.00 292.96
12 30.00 162.99 5.36 978371. 72 978077.00 297.54
13 8.00 162.95 5.35 978385.72 978076.60 309.87
14 7.00 162.96 5.35 978377.82 978076.60 301.88
15 6.00 162.97 5.34 978391. 32 978076.45 315.43
16 12.00 162.98 5.36 978384.72 978076.80 309.05
17 40.00 162.98 5.36 978388.52 978076.80 315.48
18 30.00 162.99 5.36 978376.42 978076.90 302.34
19 36.00 162.99 5.36 978372.32 978076.90 298.81
20 17.00 163.01 5.33 978404.02 978076.20 329.42
21 75.00 163.02 5.32 978400.62 978076.10 331. 58
22 4.00 163.03 5.32 978382.32 978076.10 306.60
23 2.00 163.03 5.32 978366.62 978076.05 290.76.... 8.00 163.03 5.30 978364.12 978075.80 289.07~ ...
25 10.00 163.02 5.28 978356.62 978075.40 282.16
2E? 10.00 152.98 5.27 978387.52 978075.45 313.01
27 10.00 162.98 5.27 978376.52 978075.30 302.16
28 15.00 162.96 5.29 978400.12 978075.60 325.93
29 45.00 162.97 5.29 978400.82 978075.60 329.45
30 40.00 162.98 5.29 978396.12 978075.60 324.28
31 80.00 163.01 5.31 978393.82 978075.95 325.40
32 7.00 163.01 5.37 978347.12 978077.00 270.78
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Appendix 4. Chemical and isotopic data for lavas from

Pohnpei. Based on replicate analyses of standards BCR-l

and ARCHO-l at the university of Hawaii, the precision for

the major elements is estimated to be better than 1% for

Si02, Ti02, FeO, 2% for CaO, MgO, K20, 5% for
A1203 and 15% for Na20 and P205• The reported

precision of trace element data from standards BCR-l, BHVO

and WI is better than 1% while values for Sm and Nd are

better than 0.2%. Isotopic fractionation corrections are
148NdO/144NdO=0.242436, 86 s r/88s r=0.1194. Data are

reported relative to Hawaii Institute of Geophysics
standard values: for La Jolla Nd, 143Nd/144Nd=
0.511855; for BCR-l 143Nd/144Nd= 0.512630; for NBS
987Sr, 87 s r/86s r= 0.71025; for E & A Sr, 87s r/86s r=

0.70803. The total range measured for La Jolla Nd is
+0.000012; for NBS 987 it is +0.000022. Total blanks

are negligible: < 20 picograms for Nd and < 200 picograms

for Sr. Pb isotopic ratios are corrected for fractionation

using the NBS 981 standard values of Todt et ale (1983);
the total ranges measured are +0.008 for 206pb/204pb,

+0.008 for 207pb/204pb, and +0.030 for

208 pb/204pb. Total procedural blanks are negligible at

10-40 picograms.
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STAGE KUPWURISO KUP KUP KUP I<UP KUP KUP KUP KUP KUPXRF LAB W W W W W W W W w/n wSAMPLE 11 SS-130 S8-156 PHP-4 PIIP-7 PIIP-8 PIIP-11 92-B 212 217 219
S102 43.05 44.02 38.97 38.91 39.48 39.34 44.97 41. 68 44.24 42.5A1203 11.25 11.99 9.53 9.24 9.26 9.06 11.81 9.9 11.24 11.67T102 2.45 2.43 3.87 3.95 3.91 3.86 2.15 3.95 3.6 2.41FeO 12.22 11. 94 12.34 12.6 12.76 12.53 11.38 12.79 13.85 11. 77MnO 0.19 0.2 0.19 0.19 0.19 0.18 0.18 0.19 0.17 0.195CaO 12.38 11.88 13.76 13.25 13.21 14.09 11. 94 12.89 10.65 12.33Mgo 14.25 13.53 .15.47 16.82 16.27 16.84 13.35 14.04 11.58 14.36K20 0.72 0.64 1.55 1.11 1.22 1.01 0.53 0.83 1.42 0.67Na20 3.18 2.58 3.2 2.37 2.68 1.39 2.59 2.48 1.95 2.92P205 0.91 0.77 1. 265 1.25 1.24 1.2 0.6 0.85 0.47 0.78
LOI NO NO NO NO NO NO NO NO 0.38 NO
TOTAL 100.6 99.98 100.14 99.68 100.22 99.5 99.5 99.6 99.16 99.6

ro N1 309 319 405 398 445 466 302 302 291 317
0'\
0 Cr 486 426 488 500 533 546 504 479 452 519Se 29 31 33 31 30 38 20 30 19 20V 243 243 318 317 243 294 236 302 297 248Ba 648 439 1007 1003 519 1220 405 :950 453 541Rb 12 14 39 28 12 53 10 57 38 14Sr 946 851 1068 1188 754 1389 675 1041 577 84.1Zr 227 217 225 228 207 229 188 228 209 209y 32 31 35 33 31 32 25 30 25 27Nb 81 56 86 87 65 76 55 77 56 68Ga 19 20 16 17 13 16 20 19 21 20Cu 32 75 118 89 68 90 82 69 74 75Zn 105 101 101 97 103 98 107 106 III 103Pb 4.26 3.13 3.11Nd 61.07 47.37 54.44 32.43Sm 11.44 10.01 11.03 7.4287/86Sr 0.703307 0.70322 0.703238 0.703274143/144Nd 0.512954 0.512968 0.512964 0.512991206/204Pb 18.563 18.442 18.647207/204Pb 15.523 15.541 15.511208/204Pb 38.372 38.367 38.561



STAGE KUP KUP KUP KUP KUP AWAK AWAK AWAK AWAK AWAKXRF LA8 "1 11/"1 II II II II II "1 W IISAMPLE • 223 SS-l11 TEM"1EN K30-40 K100-110 K150-160 K200-210 S8-'68 120 B58
8102 45.83 45.21 37.49

45.B1 44.03 42.52A1203 12.43 10.5 9.6
13.97 12.36 14 .88T102 2.34 3.3 3.85

3.64 3.97 2.75FeO 11.51 11.91 12 ..28
11.99 14.57 12.42MnO 0.18 0.18 0.18
0.19 0.203 0.19CaO 11.19 11. 21 12.57

10.52 11.65 11.65MgO 11.97 13.81 15.-82
8.06 8.62 12.19K20 0.83 1.33 1. 57
1.36 1.12 0.38Na20 3.04 2.67 3.45
3.0J 3.33 1.67P205 0.53 0.62 1. 32
0.6 0.81 0.51

LOI NO 0.06 1.25
NO NO 1.19

TOTAL 99.85 100.74 98.13
99.17 100.67 99.16N

Ni 265 370 331 361 214 196 99 124
o-..... Cr 372 579

259 219Se 19 27
23 29V 21B 266

305 354Ba 437 550
355 457Rb 22 34 43 10 10 18 19 27 26 37Sr 620 706 975 B37 BB1 991 1022 69B 861 9B6Zr 187 222 228 214 202 269 259 267 328 343Y 27 26 34 28 27 33 32 30 38 33Ub 56 56 82 56 52 59 57 54 75 58Ga 21 16
22 24Cu 74 74 67 75 66 57 68 84Zn 102 110 103 104 126 122 116 139Pb

Nd 8.55
8m 39.53
87/86Sr 0.703272
143/144Nd 0.512971
206/204Pb
207/204Pb
20B/204Pb



STAGE AWAK AWAK AWAK AWAK AWAK AWAK M1AK AWAK AWAK AWAKXnF LAB II W W W II/W W W W II IISAMPLE , 154 149 152 169 164 116 135 SS-50 205 30
Si02 47.23 46.74 48.11 ~.1. 74 64.96 63.95 47.38 47.57 44.3A1203 16.34 16·.22 16.7 18.44 19.05 19.2 15.82 16.92 14.02Ti02 3.2 3.76 3.3.16 1.83 0.49 0.53 3.31 3.11 4.05FeO 11. 64 12.24 11.8 6.76 2.47 2.91 11. 54 11.24 12.92MnO 0.245 0.202 0.208 0.26 0.19 0.095 0.2 0.22 0.19CaO 9.47 9.55 8.61 6.0 1.52 0.64 9.22 8.5 11.04Mgo 4.36 5.34 5.24 1.88 0.58 0.22 5.69 5.34 7.14K20 1. 01 1.54 1. J.4 2.67 4.48 4.66 1.53 1.47 1. 28Na20 4.55 3.94 4.43 7.07 7.66 7.36 3.56 3.44 3.39P205 1.187 0.82 1. 33 0.53 0.07 0.175 0.76 0.86 0.77
LOI NO NO NO 2.2 NO NO NO 3.75 1. 74
TOTAL 100.03 100.35 100.89 97.98 101. 46 99.74 99.01 98.67 99.1N

0\
Ni 111 9 13 6 7 10 15 31

N

Cr 7 0 5 0 0 1 70Se 21 20 18 0 3 1 17V 187 247 180 123 19 8 239Ba 791 545 601 1282 1591 1504 423fib 27 47 31 17 63 131 68 30 25 34Sr 969 1376 1104 1170 2265 428 141 850 801 1075Zr 293 413 303 266 849 790 873 324 338 398'I 32 42 33 39 65 37 77 32 31 35Nb 55 107 74 71 232 171 136 67 58 64Ga 33 23 13 27 23 28 24Cu 56 18 25 13 12 5 7 50Zn 125 151 134 133 101 121 124 132Pb 5.92 2.65 2.26 8.81Nd 73.3 46.~n 59.69 129.43 56.18Sm 14.77 10.07 12.39 22.89 0.6987/86Sr 0.7032340.703226 0.703187 0.703272 0.703394
143/144Nd 0.5129710.512969 0.512974 0.512966 0.512943
206/204Pb 10.414 10.428 18.426207/204Pb 15.514 15.456 15.489208/204Pb 38.208 38.152 38.239



STAGE AWAK AWAK AWAK AWAK AWAK AWAK AWAK AWAK AWAKXRF LAB II II II Ii if II II II IISAMPLE II 165 755 759 771 69 170a 1700 K260-270 K300CLN
S102 40.55 42.2 48.52 41. 75 44.22
A1203 11.92 13.58 17.1 12.B4 14.66
Ti02 4.76 4.35 3.06 4.65 4.4
FeO 15.74 14 .87 10.42 15.05 13.61
MnO 0.25 0.21 0.18 0.21 0.19
CaO 10.9B 11. 64 7.4 12.07 9.92
MgO 7.44 7.54 3.42 7.BB 7.2
K20 1. 34 1. 34 2.22 1.13 1.2
Na20 4.28 3.4 5.84 3.02 3.u5
P205 1.55 0.9B 1.2 0.66 0.91

LOI 1. 36 0.35 4.95 1. 27 4.69

TOTAL 9B.81 100.11 99.36 99.26 99.36

Ni 12 75 112 101l\)
Cr0\w So
V
Ba
Rb 45 33 53 24 21 2/J 34 27 31Sr 1318 978 1165 7BB 759 95 /l 962 1422 1071Zr 633 363 550 302 371 323 375 307 365V 54 36 46 30 38 39 36 38 37Nb 117 63 107 52 63 65 69 71 68Ga
cu 28 55 49 59Zn 126 135 126 130Pb
Nd
Sm
87/86Sr
143/144Nd
206/204Pb
207/204Pb
208/204Pb



STAGE MAIN DIKE MD MD MD MD MD MD MD MD
XRF LAB II/W II II II II II II II II
SAMPLE , 224 VILLAGE 39 47 713 714 753 31 38

S102 48.77 47.35 45.24 47. ')4 44.15 46.23 45.42 43.53 47
A1203 14.41 14.07 9.94 13.71] 11.15 16.71 13.2 10.97 13.97
Tio2 3.74 3.78 2.27 3.66 3. 5~) 3.3 3.93 3.65 3.45
FeO 12.39 13.77 12.83 12.94 14.11 11. 74 12.58 14.4 12.15
MnO 0.19 0.17 0.19 0.17 0.19 0.2 0.17 0.2 0.12
CaO 9.09 9.26 8.42 11.45 10.59 11.49 11.09 10.81 11.29
MgO 4.74 6.8 18.32 6.11 12.24 6.81 6.36 12.61 6.88
K20 1.24 1.24 0.52 0.81 0.74 0.7 1.12 0.77 0.48
Na20 3.28 3.34 1. 67 2.76 1.86 2.46 2.77 1.37 3.26
P205 0.61 0.51 0.28 0.42 0.52 0.45 0.59 0.5 0.41

LOI 2.38 4 .. 63 2.06 1.46 1. 59 1. 57 3.89 2.97 3.92

TOTAL 98.46 100.29 99.68 99.54 99.1 100.09 97.23 98.81 99.01

N1 29
l\) Cr 9
$sc 26

V 360
Ba 198
Rb 32 21 13 12 14 9 17 19 10Sr 465 486 273 462 508 443 502 489 403Zr 299 283 182 283 267 267 304 246 245Y 44 33 21 32 29 32 36 27 31Nb 40 32 26 35 36 28 34 39 30Ga 24
Cu 82
Zn 129
Ph
Nd
Sm
87/86Sr
143/144Nd
206/204Pb

i 207/204Pb
I 208/204Pb
I
I
I
i
I
i
i



STAGE MAIN LAVA ML ML ML ML ML
XRF LAB W W H H H II
SAMPLE # 215 K8-390 K300ZEOL K350-360 42 722

S102 48.33 4B.06 46.5 47.84
A1203 13.71 13.85 10.35 13.9
Ti02 3.65 3.48 2.7 3.61
FeO 12.52 12.10 12.35 11.46
MnO 0.18 0.16 0.18 0.16
CaO 10.96 7.97 10.69 11. 39
MgO 6.47 6.23 14.19 7.07
K20 0.74 1 0.52 0.B3
Na20 2.69 3.72 1.5 2.69
P205 0.45 0.44 0.33 0.47

LOI NO NO 2.13 1.9

TOTAL 99.7 97.08 99.31 99.42

N Ni 72 60 237 114
0'-

Cr 111 57Vl
Se 33 33
V 353 367
Ba 135 156
Rb 12 20 18 12 13 12
Sr 425 358 438 416 299 442
Zr 245 229 261 269 191 285
Y 35 36 31 33 24 31
Nb 37 38 34 33 26 3B
Ga 22 22
CU 84 110 94 119
Zn 109 118 121 129
Pb 1. 61
Nd 33.76
Sm 7.97
87/86Sr 0.703254
143/144Nd 0.512967
206/204Pb 18.835
207/204Pb 15.521
208/204Pb 38.619




